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SUHNARY 


The purpose and scope of the USB-Crulse Program (NASI-I 387 I) are briefly 
reviewed in Section 1.0 of this document. A major objective under Task II 
of the overall contractual work has been the experimental investigation of 
a comprehensive matrix of upper-surface nacelle installations across a wide 
range of nozzle blowing pressure ratios (t.0<H./p < 3*0) and cruise Mach 

- j 00 - 

numbers (0.60 < < O. 8 O). The present report provides an analysis of the 

experimental data encompassing surface pressure measurements, force-measurements 
and wake surveys, at both static and wind-on test conditions. As fundamental 
to the analysis, cruise performance trends are evaluated as reflecting nacelle 
geometric variations and nozzle operating conditions. A supporting study in 
the Task II work has been the theoretical modeling of the USB-system via a ■ 
vortex- lattice method. Simulated power, or thrust, effects are an integral 
part of the theoretical rot-del. The present document presents details of the 
modeling process and provides an over-view of the design and analysis 
capabilities provided. Aa an outgrowth of the Task II experimental /analytical 
effort, a candidate nacelle is selected for a more detailed, systems-or lented 
study. The selection and evaluation of the candidate propulsive system, as 
applied to a large transport aircraft, represents the major objective of 
Task III in the basic program. This phase of the overall study, that is. 

Task III — Compatabi 1 i ty Studies, has been performed in concert with a 
similar, acoustics-oriented contractual effort (NASI-I 387 O, Noise Character- 
istics of Upper Surface Blown Configurations). Documentation of the Task 
III studies and conclusions are contained herein as an appendix. 
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1.0 INTRODUCTION 


In early 1975» the NASA awarded a contract (NASI-I 3871 ) to the iockheed- 
Georgia Company for the acquisition of a high-speed, experimental data 
base for aircraft configurations featuring nacelles mounted on the upper 
wing surface. This design concept, known as USB (upper-surface blowing), had 
received earlier, experimental endorsements as a viable means of achieving 
moderate-to-good powered lift performance along with beneficial noise 
reduction in the STOL environment. In the interest of further development 
of the US6-system, the contractual work performed by the Lockheed-Georgia 
Company emphasized the transonic cruise characteristics of USB-designs on 
an exploratory basis. The overall program is comprised of extensive experi- 
mental tests of USB-conf igurations in a transonic wind-tunnel with support 
provided by an analytical modeling of the system. Testing was planned around 
a matrix of nozzle configurations suitable for evaluating the effects of key 
USB-design variables. The primary intent of the USB-Cruise Program has been 
the development of a conq)endium of experimental and theoretical information 
from which refined upper-surface-blowing (USB) nacelle installations can 
evolve. The present report documents an analysis of the basic experimental 
and theoretical results obtained under Task 1 1 (Cruise Performance Data Base) 
and Task Ml (Compatabi I ity Studies). 

The objective of the experimental phase of the program has been to isolate 
characteristic aero/propulsive phenomena representing variations in wing/ 
nacelle geometric parameters. For this purpose, the model component matrix 
was selected on the basis of geometric arrangements which could be of 



foreseeable interest. A high degree of refinement In i\K>del component design 
was not appropriate to the exploratory nature of the program, nor to the 
extensive array of model hardware employed in a “build-up" fashion. There- 
fore, the emphasis of the experimental program lies nore in the interpretation 
of incremental aero/propulsive “effects" rather than absolute levels of 
magnitude. As will be noted, however, reasonable care has been exercised, 
in both model design and specialized testing, to minimize effects which could 
tend to obscure incremental aero/propulsive phenomena. 
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2.0 SYMBOLS 


Dimensional data are presented herein in both the International System of 
Units (SI) and the U.S. Customary Units. The measurements and calculations 
were made in the U.S. Customary Units. 

A area, cross-sectional, cm^ (in.^) 

AR aspect ratio 

b model span, cm (in.) 

c local wing chord, cm (in.) 

c mean aerodynamic chord, cm (in.) 

Cj section drag coefficient D/q^S^ 

Cjj model drag coefficient, D/q^Sy 

Cp^ induced drag coefficient for complete model, O./q^Sy 

C* measured drag coefficient, D„/q S,, 

Djiij n “> W 

C_ profile drag coefficient for model without nacelles, 0 /q S, , 

0 ^ ’ o <» W 

o 

Cjj pressure drag coefficient, Op/q^Sy 

Cj^ section lift coefficient, l/q„c 

C, model lift coefficient, L/q S,, 

section pitching moment coefficient about quarter chord, My/q^c 
model pitching moment coefficient about quarter chord, My/q^SyC 
Cp pressure coefficient, (p^ - P„)/q„* based on freestream 

Cp pressure coefficient, (p, - p )/q,, based on jet 

J ■' 

Cj nozzle gross thrust coefficient, F/q^Sy 

coefficient of total force on model In thrust direction, » -Cjj 

M 



D 

0 . 


e 

F 


9 

h 

h 

w 

H 

L 

M 

\ 

P 


q 

R 


R 


N 


R 


NC 


s • m • 


t 

T 

V 

w 
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diameter of nozzle, cm (in.) 
drag force, N(1b) 
induced drag, N(lb) 
profile drag, N(lb) 
pressure drag, N(1b) 
wing efficiency factor 
force, N(lb) 
axial force, N(ib) 
normal force, M(ib) 

acceleration due to gravity, NmVkg^(fHbf/Ibm sec^) 

jet or nozzle height above surface at Jet centeriine, cm (in.) 

height above wing reference piane, cm (in.) 

total pressure, N/m^(ib/in.2) 

model lift, N(Ib) 

Mach number 

pitching moment about quarter chord, m-N(in.-lb) 
static pressure, N/m^(lb/in.2) 
dynamic pressure, N/m^Ob/in.^) 
radius of curvature, cm (in.) 

Reynolds number per foot 

Reynolds number based on streamwise chord 

statute mile 

semispan wing area, cm^ (in^) 
thickness, cm (in.) 
thrust N(lb) 
velocity, m/s (ft/sec) 

width of nozzle at wing surface, cm (in.) 



w 

airflow, Kg/s ()b m/sec) 

X 

ordinate along airfoil chord line measured from leading 

y.y 

edge, cm (in.) 

ordinate along wing span measured from model centerline, 

z 

cm (in.) 

ordinate measured normal to wing shord plane, cm (in.) 

a 

geometric angle of attack of airfoil chord line, degrees 

B 

boattail angle, degrees 

5 

deflection, angle, degrees 

n 

percent semi span 

ht 

jet turning efficiency, 

Y 

circulation strength 

P 

mass density, Kg/m (slugs/ft) 

0 

angular displacement at radius vector, ring cylinder 

Subscripts: 

A 

aerodynamic 

E 

exi t 

INST 

instal led 

INTERF 

interference 

ISOL 

i solated 

j 

jet 

jv 

jet velocity 

M 

measured 

MAX 

maximum 

MISC 

mi seel laneous 

N 

nacel le 

NF 

nacel le f r I ct ion 
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R ring cylinder maximum radius 

S static condition 

SV scrubbing and vectoring 

TOT total 

V vectoring 

WB wing body 

» freestream conditions 

Hj/p«o at pressure- ratio 

CLEAN clean wing value 
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3.0 EXPERIMENTAL DATA ANALYSIS - TASK II TRANSONIC CRUISE 


The overall experimental program encompassed a wide variety of tests inclu- 
sive of force measurements, surface-pressure measurements and wake surveys 
at both static and wind-on conditions. Certain preliminary investigations 
were also undertaken early in the experimental phase to assure compatibility 
between the powered models and the relatively small, variable-porosity 
blowdown tunnel. 

The general order in which the more significant investigations were con- 
ducted is: 

o Nozzle Calibrations 
o Wal 1 - Interference/Blockage Tests 
o Surface-Pressure Measurements 
o Wake Surveys 

o Force Testing (CFF-blowdown) 
o Force Testing (^' x k' blowdown) 

The complete run schedules for all of these tests are provided in Volume 
I lA. Volume MB provides basic data plots for ail force testing inclusive 
of that obtained in Lockheed Compressible Flow (CFF) and 4* x 4' test 
facilities. Details of the nozzle calibrations are also contained in 
Volume I IB. All basic data pertinent to surface pressure measurements and 
wake-surveys are given in Volume 1 1C. 

The initial static calibrations of the isolated USB-nozzles were conducted 
in the Lockheed V/STOL test facility with checks made at various points in 
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the test program against the several other balance systems used In the 
high-speed investigations (CFF and 4' x 4' balance systems). With the 
nozzle calibrations available, the experimental phase proceeded to the 
study of waH- interference and blockage corrections. This was followed 
by the measurement of surface pressures on a variety of wing/nacelle 
combinations along with wake survey measurements In the Jet efflux. 

Force testing, the final phase of the experimental work, was conducted in 
several scsps with most of the data derived from the Lockheed Compressible 
Flow Facility (CFF). 

In the paragraphs which follow, the specialized tests, preliminary to the 
main body of the basic force and pressure investigations, are discussed 
with appropriate conclusions drawn. Also in this section, details of the 
aero/propuisive bookkeeping process and data formats necessary to force 
and pressure data analysis are provided. 

3.1 ANALYSIS PROCEDURES 

3.1.1 Correct ions/Vai idat ions 


3. 1.1.1 Wal 1- Interference and Blockage - The USB test program included 
peripheral experimental studies designed to study the effects of a rela- 
tively high blockage, powered model in a small, variable porosity test 
facility. While tests of a similar nature had been successfully conducted 
in this facility, tKe approximately 5 percent physical blockage due to the 
model plus the additional momentum introduced by the blowing nacelle 
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created a need for these addttiona) studies. Specifically, these tests 
investigated the effects of the powered and unpowered model on test'section 
wall interference for a range of test Reynolds numbers. For this, static 
pressure taps were installed along the tunnel side wall 10.7 cm {k.2 in.) 
above the tunnel centerline as shown in Figure 1. 

A plot of measured wall pressures with the model removed is shown in Figure 
2 which indicates an essentially constant Mach number in the region of the 
model over a wide range of freestream Mach conditions. Similar data are 
given !n Figure 3 for three test conditions corresponding to Reynolds 
numbers of 3.5, 7.0 and 11 x 10® based on the 17.8 cm (7.0 in.) chord of the 
test wing. These data also indicate no appreciable effect of Reynolds number 
on the Mach number distribution in the free tunnel. 

introduction of the traversing wake-rake and supporting rods into the tunnel 
produced a slight blockage effect in that the flow tends to slow down in the 
region of the model as shown in Figure k. A correction for this relatively 
small effect, in terms of a Mach-dependent AC^, was developed and applied 
accordingly whenever the traversing wake-rake was installed. 

Addition of the nacelle to the wing produced a conventional blockage incre- 
ment as evidenced in Figure S; this effect was considered via a standard 
blockage correction when setting the desired freestream condition. Adding 
power (thrust) to the nacelle produced the data shown in Figure 6. The 
effect of the added momentum of the jet in the test section appeared to be 
quite small. 
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Figure 1 


QPP test-section Instrumentation for 
wall -interference study. 
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Figure 2. Effect of Mach number on wall static pressures in empty tunnel at RNg"7xlO® 
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Figure 5, Effect of nacelle installation on wall static pressures 
a t . 6 . 




To study the effects of wake blockage, a method described In Reference 1 
was used. Wind tunnel sidewall pressures were installed 53.3 cm (21 in.) 
forward and 53*3 cm (21 in.) aft of the model for this investigation. Changes 
in local velocity were calculated as caused by the addition of the circular 
(N 2 £) nacelle and due to the application of power up to a pressure ratio of 
2.6. At the aft measuring stat ion, local tunnel surface veloci t ies under datum 
conditions were found to be approximately 101 higher than those further 
forward due to the presence of the wake rake. Positive wake blockage 
(drag) would tend to increase this value, negative wake blockage (jet- 
ejector effect) would reduce it. Addition of the unpowered nacelle 
caused about one-half percent increase in aft velocities and the addition 
of power caused a further one-half percent. Using the referenced theory, 
the total effect of adding the powered nacelle was shown to be equivalent 
to slightly more than a one-percent increase in dynamic pressure at the 
model in a severe case. In view of the magnitude of these changes, together 
with those mentioned in the previous paragraph, no additional, systematic 
corrections were made for wake blockage effects. 

3. 1.1.2 CFF Data Corrections - In the latter stages of the USB force-test 
program, the exceptionally high cruise drag penalties evidenced in the test 
data created a concern for the basic validity of the results. As an out- 
growth of this concern, an investigation was undertaken of the wall-balance 
system utilized in the Compressible Flow Facility for USB-force testing. 

This investigation included ''piggyback" tests of the wall-balance with 
blowing model installed and mated to the pyramidal-balance system of the 
Lockheed V/STOL tunnel, flow and pressure-tare studies, temperature and 
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humidity effects and imiltipte-loading checks. The primary results of these 
Investigations indicated that the CFF wall~balance was consistently reading 
axial force (i.e.» thrust or drag) too low by a factor of from 5~10 percent 
when under powered (blowing) conditions. Other wall-balance axes (normal 
force or lift) appeared to be essentially unaffected with the anticipated 
level of accuracy for these forces corroborated in the "piggyback" tests. 
While the basic inaccuracies in the wall-balance appeared to be a systematic 
variation (i.e., always offset in one direction) and thereby offering some 
hope of a corresponding systematic data correction, it was nevertheless 
deemed necessary that additional, corroborative tests be performed. Accord- 
ingly, a test program involving selected wing-nacelle combinations was 
performed at the Lockheed 4* x 4* blowdown test facility under the same 
test conditions (i.e., Reynolds number, Mach number) as utilized for the 
CFF. In this test program, a similar wall-balance, bridged by an opposing 
bellows arrangement, was employed. The model hardware was the same as that 
tested in the CFF. The test program included checks on the thrust levels of 
the isolated nacelles, static installed thrust levels and wind-on lift, drag 
and pitching-moment measurements for the selected nacelle configurations. 

Results from the 4' x 4' tunnel tests corroborated the earlier findings of 
the CFF wa 1 1 -balance investigation in that the normal forces were accurately 
portrayed by the CFF balance system, but that the measured thrust (or drag) , 
under powered conditions, was too low by about 5~I0 percent. The isolated 
nacelle thrust levels and static-installed thrust levels obtained in the 
4‘ X 4' facility essentially checked the corresponding data obtained in the 
V/STOL tunnel. Additionally, the difference in static-installed thrust levels 
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between CFF and k* x 4' (or V/STOL) appeared to accurately reflect the major 

discrepancies in the CFF — balance' system. Figure 7(a) compares the static 

installed thrust as obtained In the 4' x 4' tunnel with that obtained in 

the CFF-baiance for a "D-Ouct" nacelle (N3E) ; the data is in terms of the 

ratio [ ^ ^ 1 , whe re T.,^. _ . represents the more accurate thrust mea- 

^isolated isolated 

surements in the 4' x 4' or V/STOL tunnels. The difference in this ratio 
multiplied by the appropriate thrust coefficient should therefore represent 
an incremental correction to the CFF data. Figure 7(b) compares the incre- 
mental drag of the same "D-Duct" nacelle as obtained in the 4* x 4* tunnel, 
with that derived from the original CFF test data and as corrected by the 
foregoing procedures. As noted, the corrected data fails within d(A Cg ) « 
.0010-0012 of the 4' x 4' results. This difference is typical of the agree- 
ment obtained across the spectrum of nozzle configurations, lift coefficient 
and Mach number. It is believed that for a powered configuration of the type 
used in the present studies tested at transonic speeds, an accuracy level of 
about 3(A Cq) = .0010-. 0012 should be anticipated. Therefore, the drag 
data from all CFF configurations not re-tested in the 4' x 4' tunnel were 
corrected in the prescribed manner. In the basic data, presented in Volume 
MB, the 4‘ X 4' test results are identified as Test S-345~M; all other 
basic data plots represent CFF-corrected results. 

3.1.2 Performance Bookkeeping 

In the USB-Cruise Program, several basic rules for data accountability were 
believed to be mandatory: 

( 1 ) Basic equations must be sufficiently general such that applicability 
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to any powered configuration can be demonstrated; the USB-conf Iguration 
is a special case derived from this generality. 

(2) The thrust of the isolated nacelle, calibrated according to accepted 
procedures, represents the true (gross) thrust input to the system. 

(3) The differences between the force (thrust) generated by the isolated 
nacelle and those forces measured by a balance metric with the com- 
bined configuration (wind-on), represents the total penalty of the 
wing-body plus the nacelle installation. One of the basic objectives 
of the data accountability process is the breakdown of this difference 
into logical, identifiable components. 

3. 1.2.1 Sign Convention — The sign convention used for data processing is 
shown in Figure 8. As noted, forces in the drag direction are positive (+) 
in sense with measured accelerating forces (thrust minus drag) denoted as 
negative (-). This convention is used for convenience, since identification 
of drag components received primary emphasis in the data reduction. 

3. 1.2.2 Axes — The axes system utilized is basically the wind axes as in- 
dicated in Figure 8. Lift, drag (or thrust) and pitching moment are the 
three primary balance-measured variables in the test program. 

3. 1.2.3 Thrust and Drag Components — All thrust and drag components are 
developed around the fundamental equation: 
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( 1 ) 


POSITIVE ACCEL. FORCE - -(NET DRAG) - 

-(TOTAL DRAG - ISOLATED NAC THRUST x cos a) 

Under the small angle assumption (I.e. cos a » KO), the Isolated thrust 
vector Is aligned with the relative wind. "Total Drag" represents all sys- 
tem losses In terms of aerodynamic drag, thrust losses or any other loss 
which reduces the resultant, accelerating force of the system when the 
isolated nacelle thrust Is Introduced. To differentiate between thrust and 
aerodynamic losses. Equation (1) may be written as: 

ACCEL. FORCE - THRUST INSTALL. LOSSES 

+ CONFIG. DRAGS - ISOLATED NAC THRUST (2) 

Equations (1) and (2) are completely general and are applicable to either 
conventional under-wing propulsion systems or. In the present case, upper- 
surface blown configurations. Taking the first two of the above three 
components of the balance-measured accelerating force in turn: 

T T 

THRUST INSTALL. LOSSES = * C.,.[l - HtI (3) 

‘i-.Sy T T 

(See Figure 9) 

The installed thrust, determined from static tests of the blowing 

nacelle installed on the wing. Balance-measured forces are vectorial ly 
summed to determine the effective, installed thrust of the wing-nacelle 
system relative to that of the isolated nacelle, T|5 ql' thrust instal- 

lation losses, represented by C.j. (I - Hj) , are generally assumed to represent 
jet-scrubbing and jet mixing losses. 

CONFIGURATION DRAG = C- + AC (See Figure 10) (i<) 

WB *^N 


22 



USB CRUISE PROGRAM 



ACo^ » Cy[l-nT ] 
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FIGURE 9. GROSS THRUST LOSSES « 



ro 
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CONFIG. DRAG = DRAG OF WING/BODY + ANAC DRAG 

“ ^OWB * C^^^NF * ^ * ^*'®HISC 


FIGURE >0 , CONFIGURATION DRAG 



%iihere 


and 


where 


■ drag of clean wing plus fuselage 
less Interfacing footprints 


AC,. ■ increisental nacelle drag 

“m 


4C . 4C„ + 4C„ ♦ j4Cj 

M NF *^1 •'P 


Ika) 


AC,. “ incremental nacelle friction drag 
‘^NF 



incrercntal induced drag (or effective 
drag-due”to*1 ift) due to the nacelle/ 
jet/wing interactions 


^Cp “ siMnmation of all incremental pressure 
drags due to aerodynamic interferences, 
separation, jet vectoring, etc. 



AC^ + AC, 


+ AC 


Ml SC 


D. 

J 


m 


ACp « incremental pressure drag due to boattail 
3 

separation 


AC, 


Ml SC 


unidentified miscellaneous pressure drags 
(shock losses, etc.) 
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incremental wind-on pressure drag due to the 
jet-induced load on the wing 


AC 


Subst i tut ing equat ions (3) and (4) into equation (2) gives: 

ACCEL FORCE • C - C_ (l-^J + C. + AC„ + AC 
“m ' “nF 

+ AC + AC + ACj^ - C 

“e “mi SC j ' 


(5) 


These relationships are summarized schematically in Figure 11. 


The incremental jet- induced pressure drag, AC^ requires special attention 

J 

since this parameter is a partially identifiable drag term where surface 
pressures within the jet scrubbing area are available. Integration of such 
pressures (in the drag direction) can normally quantify this term which can 
then be weighed against an ideal value. To this end, it may be shown from 
a simple momentum balance that the theoretical jet- induced pressure drag 
(due to vectoring) on the wing may be written as: 


ACjj = riyC^ [1-cos (a+6.)] 

j ^ 


where 6. 

J 


effective turning angle of the jet 


( 6 ) 


It Is noted that for interactive powered-lift applications, the turning angle, 
6. is conventionally determined from static tests of the installed nacelles, 
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(+)LIFT 



THRUST(-) 


I 


Figure 11. Identifiable installation and aerodynamic penalty components. 


along with the parameter , t\j, and the assumption made that both and 

(j.) remain invariant at wind-on conditions. However, the wing pressure 
J s 

load can change from that determined staticaiiy due to a response of the 
jet to alpha and Hach number effects on the wing pressure field. 


The thrust and drag relationships shown in Figure 11 also indicate why the 

wing pressure load must be accounted for when the thrust of the isolated 

nacelle is used as a basis for drag accountability in lieu of the system 

net thrust vector (C_ ). Introducing equation (6) into equation (5) and 

'net 

simplifying gives: 


ACCEL FORCE = C « - n-C cos (o+€.) + C,. + AC^ 

“h ' J “WB "i 


+ AC- + AC- -s AC„ 

®NF °0 ‘'hi SC 


(7) 


where n-|-C^ cos (a-i-Aj) is the drag-wise cc.ponent of (C^) net. Equation 
(7) is the conventional form of the accelerating force expression relating 
a system net thrust vector to the more common aerodynamic drag penalties. 

In the analyses of the experimental results, emphasis is on the identifi- 
cation of the various drag components indicated in equation (3). As an aid 
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to such identification, both force and pressure test~results need to be 
util ized. 


The pressure data are instrumental In making approximations to 

and AC. , while the force results may be used for defining C. , and AC. ; 

”miSC “wB “i 

the parameter AC. is estimated. Static installed test results may be 

"hf 

compared to isolated (calibrated) thrust to determine AC^ . In order to 


maintain perspective on the relative magnitudes of all drag and thrust 
losses, a progressive buildup can be performed for each nozzle configuration 
such that the fundamental equation (i.e. Equation (t)) is validated; that 
is, when total system losses are combined with the isolated nacelle gross 
thrust, the balance-measured accelerating force is reproduced. 


3 . I. 2. A Lift Components - The total lift of the system may be summarized 
by (see Figure 11): 


C 


4ot 




+ ACj^jj + AC 


L. 

J 


( 8 ) 


»diere C. 




lift of the wing-body combination 

lift increment (or decrement) due to the in- 
stalled nacelle at a flow-through pressure 
ratio 

lift increment induced by jet-vector ing at 1 at 

Hj/p^ > flow-through inclusive of direct 
thrust in lift direction 
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3.1»3 Data Reduction 


AH balance*measured forces and moments in the wind-on condition were reduced 
to coefficient form using standard formats. They were: 

^ _ measured total lift 

\ 


measured accelerating (or drag) force 



measured pitching moment about 

wing quarter clyrd point 

<1 S,, c 

• W 


For static, nacelle-installed force testing, the balance-measured normal and 
axial forces were vectorial ly summed to provide an installed thrust, which, 
when ratioed to the calibrated thrust of the nacelle, provided the static 
efficiency factor n-i-* 


The thrust produced by the various isolated nozzles was reduced to the co- 
efficient form Cj = (T/q^ Sy) ; examples of these data are shown in Figures 12 
and 13 across the appropriate ranges of nozzle pressure ratio and Mach number. 
For nacelles of a specified size, the thrust variations with nacelle shape are 
relatively small, as was noted in the nozzle calibrations. 

Surface pressure measurements on wing and nacelle surfaces were reduced to 
standard pressure coefficient form with which lift or drag-wise integrations 


30 















could be performed. Wake rake measurements, in terms of local total 
pressure, were reduced to the ratio form, AH/p^, and plotted as a function 
of wing semi-span station. 


3.1.4 Data Formats 


The nacelle matrix described in Volume IIAwas tested in the low transonic 
speed range at the foliowing approximate conditions: 


Straight Wing Configurations 

Swept Wing Configurations 

Both Wings 

Both Wings 
Both Wings 


0.60 < < 0.72 

0.60 < M < 0.80 

• OD — 

1° < o < 5° 

1.0 < H./p < 3 . o'*’ 

- j » - 

= 3.5 X IOB 


Additional detail as to model geometries, test conditions and test 
facilities are provided in CR-3192. 


Because of losses in the wing supply duct, nozzle pressure ratios were 
limited to about 2.5 at = 0.60, where tunnel static pressure was high. 

The full range specified above was usually available at Mach numbers higher 
than 0.68. The general method for acquiring both force and pressure mea- 
surements in the test facility was to hold constant values of nozzle pressure 
ratio across a spectrum of angle of attack and Mach number. However, since 
the test facility was of the blow-down type, it was necessary to pre-set 
nozzle pressure ratio prior to each data acquisition blow. Slight variations 
in predicted test section conditions could therefore change the pre-set 
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nozzle pressure ratio by a small amount. To maintain constant levels 
of nozzle pressure ratio for the purpose of analysis, the force and moment 
measurements Mere first cross'plotted against nozzle pressure ratio as shown 
in the typical data of Figure 1i|(a) and (b). The maps of measured lift 
and drag, as shown in Figure 14(c), could then be constructed using both 
measured and cross-plotted results. An identical procedure (cross-plotted 
test conditions) has been used where small variations in pre-set angle of 
attack have occurred across a matrix of Hach number and nozzle pressure 
ratios. A typical example is provided in Figure 14(d). Due to the dynamic 
nature of powered testing in general, and due to the highly interactive 
nature of the subject tests in particular, some data scatter was observed 
across a matrix of pressure ratios and angles of attack at a fixed Mach 
number. Host of this scatter appeared to be associated with abrupt detach- 
ment or reattachment of the Jet. As an analysis aid, ten cross-plots of 
the measured and reduced data were made to establish basic trends. Volume 
I IB presents detailed results of this process. In these forms, the data 
could be further reduced, incremented, or processed in keeping with the 
bookkeeping procedure outlined in Section 3.1*2. 

3.2 DISCUSSION OF RESULTS 

To present an analysis of the experimental data obtained in the USB-Cruise 
Program, the general format for discussion is to first consider results from 
the pressure tests followed by an analysis of the force-measurements. In 
the sections which follow, a brief analysis of the basic wing-body per- 
formance is first given (Section 3.2.1); this is followed by an analysis of 
USB-nacelle installations (Section 3*2.2). 
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Figure lA(a)^ Data analysis formats. 






Figure 1^(b)# Data analysis formats. 
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Figure lA(d). Data analysis formats. 



3.2«t Sasic Wing-Body Performance 


3.2. 1.1 Two-Dimensional Pressure Tests • The airfoil used in the present 

experimental program is a supercritical type designed for application to 

3T0L aircraft, in particular, the airfoil differs from a conventional 

supercritical airfoil by reductiai in the aft leading normally carried by 

that type section. A sketch of this airfoil, designated LG 3~316, is shown 

in Figure 1$. Basic criteria for the design reflected (typically) a 

C » 0.3 at a cruise !iach number of 0.70. Since aircraft parametric 
*1 

optimization studies have indicated that USB aircraft configurations 0$ 
interest would operate at somewhat higher lift coefficients (0.35 0.50), 

this airfoil was modified to increase kiie design lift coefficient by re- 
moving material from the lower surface. The modified airfoil, designated 
LG 7“516, is also shown in Figure 15. A con^arison of experimental pressure 
distributions for the two airfoils at = 0.6 and a = 3® is shown In Figure 
16. The two airfoils have identically the same upper surface, but the in- 
creased aft loading makes the modified airfoil operate at a higher lift 
coefficient for a given angle of attack. A similar comparison in Figure 17 
at a supercritical Mach nund>er of 0.72 shows that the more negative pressures 
on the upper surface of the modified airfoil cause the shock to move further 
aft. The effect of increasing the airfoil aft loading on drag-rise Mach 
number Is shown in Figure I8. This loading change serves to shift the drag- 
rise Mach number boundary to a higher lift coefficient range. 

The swept wing airfoil used for these tests was obtained by using the LG 
7-516 'rfoil normal to the leading edge of the swept wing. As a check on 
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Pressure distribution comaprison of original 
and modified airfoiis, m^= 0 . 72 , a* 3®. 
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Figure l8 . Operating envelopes for original and 
modified airfoil sections. 
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the simple sweep theory, the pressure distribution from the swept wing 
factored by the cosine'^ 25** is con^[>ared with the unswept wing in 
Figure I9- 

Experi-nental results (Z~D) cn both the swept and unswept sections indicated 
satisfactory agreement with the design objectives. Indications were that 
incorporation of these sections into the three-dimensional straight and 
swept finite wings could provide a reasonable range of cruise parameters 
before strong compressibility or other high-speed effects would be 
encountered. 

3.2. 1.2 Wing-Body Force Tests - Transonic tests of both the straight and 
25 degree swept wing and fuselage comgi nations were performed in both the 
CFF and k* x k* blowdown tunnels. With these unpowercd configurations, 
good agreement between facilities was obtained on both lift and drag. Data 
showing the lift, drag and pitching-moment variations for the straight wing 
are provided in Figures 20 through 22. Figures 23 through 25 show similar 
data for the swept wing/fuselage configuration. The performance of both 
wing-bodies were about as anticipated from the earlier two-dimensional 
pressure tests of the two sections. The drag-rise Mach number for the 
straight ..ing at = O.k is = 0.70 and = 0.75 for the swept config- 
uration at the same condition. An analysis of oil-flow photographs (see 
Volume lIBi ^or both wings shewed no extraneous effects occurring on either 
wing at suocriticel Mach numbers. 
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Figure 20 • Variation of lift coefficient with Mach 
m-Tiber, straight wing. R^c ® 3-5x10® 
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3.2.2 USB Nacelle Installations ■ Pressure Tests 


Pressure tests of the two-dimensional wing with selected nacelles installed 
were conducted to provide supportative detail to the conclusions to be 
drawn from the force measurements. Such tests included both surface static 
pressures and wake-rake traverses of the Jet one chord length downstream 
of the wing trail ir.g-edge. in the analysis of the pressure data which 
follows, use is made of several equations for correlation purposes. For 
convenience, these will be discussed below: 

As noted in Section 3.1.3, the momentum equations relation to the generation 
of lift and drag forces on the wing alone by a vectoring jet are: 

^t^T (“■♦■'Sj) (9a) 


ACq = [1-cos (a+5j)] 


(9b) 


These forces are, of course, manifested on the constant radius turning 
surface, Ryy, as a pressure field which, for thir, attached jets, may be 
approximated by: 


C 


P. 

J 


-Ap _ -2h 



(10) 


in Reference 2, documenting results of static tests involving Coanda 
phenomena, it is noted that the peak negative pressures on the deflection 
surface are approximated by those derived by equation (10). Where shock con- 
ditions are present, the referenced results indicate that the calculated 
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value represents an approKinate mean level of pressure about which the 
experimental values fluctuate. That equation (10) is essentially an 
equivalent of equations (^) when the pressure toad is integrated over an 
increment of wing chord (ac) and effective nozzle width (Aw) is shown 
in Figure 26. The corresponding lift and drag increments are: 


J 'V/ ^ 

kf' — At Aw Y 1 


In this form, these may be further incremented relative to the flow-through 
nozzle condition as: 



or similarly: 


ACi . * iIt sin (a+6.) 
i-j T T j 


(12a) 


(12b) 


(13a) 


where 


ACq^. » [1 “ cos (a+6j)l 


J “ J “ 


(13b) 
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Figure 26 , Derivation of equivalent expression for jet-turning loads. 



In the use of equations (11) or (12) for correlation purposes, the assump- 
tion is made that the jet height* h, is the nozzle centerline height which 
requires that an effective width. Aw , be employed to account for the non- 
rectangular shape and specified area of the nozzle exit. Additionally, the 
radius of curvature, is taken to be that of the aft airfoii upper sur- 
face which, for the test wings (straight and swept), is approximated by a 
constant radius of cm (12-inches) from x/c ■ 0.50 to x/c « 1.0. It 
should also be noted from the geometry of Figure 26, that by specifying the 
ratio ~ , the angle through which the Jet is turned is also specified, 
which would equal the trai I ing-edge angle of the aft-wing upper surface 
when the foregoing geometric values are introduced; this angle is 17 degrees 
and 16 degrees for the straight and swept wings, respectively. In the 
discussions which follow, equations (12) and (13) are used interchange- 
ably as appropriate to the subject matter. 

in the pressure analyses, pressure integrations are frequently used to 
quantify relative magnitudes and trends of lift and drag increments usually 
within the jet-scrubbed area of the nozzle. Carry-over effects can 
obviously influence the pressures beyond the wing-stations considered and, 
therefore, the pressure results can qualitatively support but not replace 
the force measurements. 

3.2.2. 1 Static Performance - It was noted in Section 3.1.3 that the obs^^rved 
pressure load on the wing alone bears a relationship to the jet deflection 
angle obtained from force measurements. Additionally, the jet-vectoring 
load can be portrayed as a part of the total installation penalty of the 
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wing/body/nacelle system (i.e., isolated thrust vector deleted) under static 
conditions. Thus, a study of the static pressure distributions are of 
value in verifying the equations and assumptions employed in the bookkeep- 
ing process. 

Typical chordwise pressure distributions along the jet centerline are pro- 
vided in Figure 27 for a small, "0-duct" nozzle (Ng) statically tested on 
the straight wing. The nozzle pressure ratio varies from about 1.4 to 3.3 
and the plotted pressure coefficient has been normalized on jet-dynamic 
pressure, qj. It may be noted from these data that the pressure load on 
the wing increases rapidly with blowing rate and that, in the higher range, 
the compression/expansion waves within the jet cause abrupt variations in 
the pressure distribution, it ;iay s' be noted that the peak pressure co- 
efficients generated on the wing tend toward more positive values as the 
trai I ing-edge is approached. Such a trend would be in keeping with an 
assumption of jet detachment just ahead of the trailing edge resulting in 
jet-deflection angles somewhat less than that of the wing upper surface 
(17°). 

Also shown on Figure 27 are the values of Cp calculated by equation (10). 

j 

As the nozzle pressure ratio is raised, the calculated pressure level tends 
to represent a mean of the experimental pressures and, as such, suggests 
that the nozzle geometry plays a role in establishing the pressure level as 
in equation (12). Further evidence that centerline pressure may be governed 
by geometric nozzle height is provided In Figure 28 . Several sizes of 
sem'-circular nozzles are represented by the size parameter, c^/A„ varying 
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in magnitude from 12 to 48. For the pressure ratio represented (2.7) i the 
2h 

parameter, , correctly predicts the increase in peak pressure within the 
scrubbed area as the jet height increases. Thus, over part of the downstream 
wing surface, at least, the pressures indicate an attached jet turning with 
the wing upper surface. 

Pressure data similar to the foregoing have been inizegrated in a lift and 

drag direction, assuming that centerline pressures act over the nozzle 

width, for a semi-circular nozzle (N 3 ). The results, shown in Figure 29 in 

terms of — and ^ show good agreement with force test measure- 

'iSOL 'iSOL 

ments; it should be noted here, that at high pressure ratios, shock- 
induced pressure fluctuations create some difficulty with the pressure 
integrations. However, the basic agreement between force and pressure 
measurements, as shown in Figure 29, verifies the expected consistency between 
the static wing loads and the Coanda expressions as used in the bookkeeping 
process. 

3 . 2.2.2 Wind-On Performance - Before considering basic wind-on test results, 
a comparison between static and wind-on pressures offers considerable insight 
into USB aerodynamic phenomena. The wing pressure load due to the deflect- 
ing jet appears to be substantially changed at wind-on conditions as opposed 
to the static observations. Figure 30 compares upper-surface pressure co- 
efficients generated along the jet centerline under both static and wind-on 
conditions (M^ = 0.68) for the small, D-duct nozzle (Ng); the pressure co- 
efficient under either condition is based on jet dynamic pressure, Pj , and 
the nozzle pressure ratio is constant at about 2.6. Clean wing pressure 
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Figure 29 . Comparison of force and pressure-derived 
wing loads at static conditions. 
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data are also shown for reference. It is apparent from the results that, 
with nacelle Installed, an Increase In the scrubbing area pressure load 
(positive lift and drag) occurs at wInd-on conditions relative to the static 
case. A general observation would be that the total, wind-on pressure load 
on the wing aft-surface is more closely approximated by some combination of 
the wing-alone and jet-induced pressures rather than just the static 
pressure load. In this case a basic difference In the loading could reflect 
a change in the cross-product terms of a pressure coefficient as derived by 
(AVj) 2 statically and (Vj+AVj)^ at wInd-on conditions. Further, the 
presence of the jet can introduce a local cambering effect by suppression 
of the aft boundary- layer build-up on the clean wing thus providing an 
increased pressure load as the section approaches local potential-flow per- 
formance. Therefore, through such mechanisms, the vectoring jet at wind-on 
conditions can produce lift and drag increments which exceed the simple 
superposition of wing alone and static vectoring loads on the aft surface. 


Additional evidence that the wind-on behavior of the jet varies considerably 
from that found statically Is shown In Figure 31 where jet profiles obtained 
from the traversing wake rake are compared. Statically, the jet appears to 
be more diffused and does not penetrate the wake to the same extent as in- 
dicated for the wInd-on case. Also, the wind-on jet core appears to follow 
the wing surface more closely indicating a higher turning angle (6j) at 
Mach number than was obtained statically. While an exact determination of 
the parameter, 6 ^ , from the wake profiles may be questionable due to rapid 
changes in jet curvature between the wing trailing edge and rake, an attempt 
was made to quantify the static versus wind-on changes in 6^ ; the results 
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are shown in Figure 32. The rake data provided were obtained behind an 
aspect ratio 2.53 "D-duct" nozzle (N3) designed with a low boattaii angle 
(g s 30) to suppress Jet attachment. The upper half of Figure 32 shows the 
location of the jet core as obtained from the wake traverses, both statically 
and wind^on. The increment in jet deflection, Afij, shown at the bottom of 
the figure was obtained from full-scale geometric lay-outs of the wing and 
wake profile. In the lower figure, the jet deflection angle as resolved 
from static force measurements is shown along with the added increment as 
evaluated from the wake traverse. About 3 degrees of increase in angle at 
the wind-on state is indicated from these measurements. At the typical 
cruise angle-of-attack of approximately 3 degrees, the pressure drag on the 
wing would be increased by this additional vectoring as would also the 
reaction thrust in the lift direction. Later discussions concerning the 
drag increment associated with this nozzle configuration (see Section 3. 2. 3. 3) 
will show that In the high pressure- rat io range, the Jet pressure drag 
corresponds to 6^ = 10° - 12° or a slightly higher effective angle than 
that deduced from the foregoing wake traverse. 

3. 2. 2. 3 Aerodynamic/Geometric Effects - Wind-on aerodynamic effects are dis- 
cussed below in terms of the operating environment of the wing/nacel le/jet 
combination at simulated cruise conditions. These discussions are then 
followed by similar disci’ssion'i of the geometric effects of the nozzle shape 
and size on local pressure distributions. 

o Effect of Mach number - Typical effects of Mach number on jet centerline 
pressures are shown in Figure 33 at a constant nozzle pressure ratio of 
2.2 for a D-duct nozzle. The major differences occurring with Mach 
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number are those a'scciated with the changes in jet shock structure and 
the indication of higher negative pressures within the scrubbed area at 


the lower Hach number. Inasmuch as Equation (II) suggests that the 
cinterline pressures should be dependent upon the parameter, , 
si-ular pressure distributions have been plotted in Figure 3^ at a con- 
stant value of q./f for two Hach numbers. Except for the presence 
J “* 

of the shock structure at the higher pressure ratio (2.25) » the center- 

line pressures are reasonably equal for the two widely different free- 

stream speed conditions. These, and similar test results, indicate that 

freestream Hach number has little effect on pressures within the Jet 

scrubbed area and that the primary controlling factor is the Jet dynamic 

V. 

pressure, q., or the jet velocity ratio, (^). This would Imply that at 
constant levels of dj/q^. the Jet-induced lift and drag increments should 
be approximately constant when considering only the Jet-induced pressures 
within the scrubbed area. 


For reference, the variation of the Jet dynamic pressure ratio with Hach 

number and n'^zzle pressure ratio is provided in Figure 35. As shown, and 

as used herein, the data represent a fully-expanded Jet. At a specified 

level of nozzle pressure ratio, it may be also noted that the rtio 

q./q_ varies inversely with Hach number. Therefore, from these as well 
J 

as the foregoing cons iderat ions, pressure changes due to the Jet should 
vary inversely with Hach number when the p'^essure ratio is held constant. 

In keeping with the foregoing conclusions, certerline pressures have been 
integrated fr.. s nozzle exit to the wing trai I ing-edge and the 
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assumption made that the centerline pressure levels are sustained across 
the nozzle width. The results are shown in Figures 36 and 37. In Figure 
36 the data are presented as the ratio of the drag increase due to blow- 
ing relative to that found at the flow-through (H. * H*) condition. The 

j 

trends ccifirm the earlier conclusion ac to the anticipated effect of 
Mach number, included on Figure 36 are dat.a determined in a like manner 
for a similar test configuration and reported on in Reference 3- For 
the referenced tests, the nozzle is essentially rectangular in shape 
(AK = 3.3) with air supplied from upstream of the test section via an 
air-supply pipe. Also shown on Figure 36 is a calculated trend of 
pressure drag with Mach number, based on Equation (12), which can be 
reduced to: 


AC 

m: 


H.=H 

J 



(IM 


The function is matched to the referenced results (via K) at M = 0.70 

OD 

inasmuch as the details of the wing/nacelle geoiTietrics are largely un- 
knov^/n. Both sets of experimental data as well as the calculation indi- 
cate that the effects of Mach number on pressure drag are manifested 


primarily through the jet dynamic pressure ratio, . Figure (37) 

shows the lift increment as integrated within the Jet scrubbing area as 
a function of Mach number for a range of nozzle shapes and based on the 
foregoing assumpt i ons . Again, a calculated trend, similar to equation 
(lA). is shown w-th the calculation matched to the wide nozzle (AR = A} 
viata at M = 0.72. For the wide nozzle, the experimental trend of lift 
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incrennent with Mach number is seen to match reasonably well with the 
calculation, again indicating that the jet'induced lift is controlled 
primarily by jet dynamic pressure. As the three-dimensionality of the 
jet increases, however, the data show that the anticipated increase in 
lift with decreasing Mach number is suppressed due to the inability of 
the thickening jet to remain fully attached to the wing surface as the 
ratio C|j/d„ grows in magnitude. The circular nozzle (N2^) is shown 
to produce an almost constant lift increment regardless of Mach number. 

o Effects of Pressure Ratio - The effects of nozzle pressure ratio are 
shown In Figure 38 for M = .68, a = 2 °. The nozzle (N4-) is an aspect 
ratio 4 configuration mounted on the straight wing; the clean wing pressure 
distribution is also shown. With this type of configuration, the major 
effect of pressure ratio is a gradual reduction in centerline static 
pressure as the nozzle pressure ratio increases. Near the nozzle exit 
(x/c = -35)y a high-pressure region which grows ' pressure ratio is 
also evident. This latter region arises as a result of the relatively 
high boattail angle of the nozzle (36°) and, in effect, tends to suppress 
the lift increment carried by the scrubbed area. It would be expected 
from such distributions that, at the flow-through condition, the lift 
increment due to the jet would be less than that susrained by the clean 
wing over the same area and, as the pressure ratio is advanced, such 
losses would tend to be recovered. It would also he anticipated that the 
exit high-pressure region would have only negligibh effects on the 
pressure drag, since the test wing has little curvature between x/c = 0.35 
and x/c == . 65 . Downstream of x/c = 0.65, the aft-facing thickness of the 
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wing grows rapidly and it is in this region that the effects of pressure 
ratio on centerline pressures become pronounced. 

The data of Figure 38 have been replotted in Figure 39 with the pressure 
coefficient normalized on q. rather than q . As noted earlier in 

^ J ^00 

the discussion of Mach effects, the centerline pressures tend toward a 
common level afc of x/c » 0.70, again illustrating the predominant influ- 
ence of the jet dynamic pressure as the nozzle pressure ratio is varied. 

To evaluate the relative magnitudes of the lift and drag increments gen- 
erated within the scrubbed area, pressure distributions for a series of 
nozzles have been integrated over a range of nozzle pressure ratios. 
Typical results are provided in Figures kO through Figure kk as the vari- 
ation of the integrated force increment with nozzle pressure ratio at a 
specified cruise Mach number. Figure ^40 shows the pressure drag generated 
by several wide (aspect ratios A and 6) nozzles within the jet scrubbed 
area. Also shown are the clean wing increments (integrated over the 
same area) as well as a predicted trend based on equations (12) or (13). 

As noted, the experimentally-derived trends confirm those predicted in- 
dicating the pressure-drag equivalent of fully-attached jets closely 
fv>l lowing the wing contour and turning t.irough an angle approaching that 
of the wing tra' I ing-edge, (I;*’). The increase in pressu'" drag over 
that obtained by a simple superposition cf the statically-derived turn- 
ing =»ngl^ to the wing alone can le evaluated by adding the expression: 

ACjj = Hj AC.J. [ 1 - cr (a+6. )1 (15) 

j s •* s 
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Figure 41 Variation of scrubbed area pressure 

drag with pressure ratio, nt = 2 °, M„o® 0.68 
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Figure 42 . Comparison of pressure drag developed 

in scrubbed area. 


73 . 

















o TEST 



Figure 44 . Lift developed in scrid>bed area 
with blowing. o«2**. H.-0.70. 
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to the dean wing drag increment, hy 5^ parameters 

reflect the static test values. An evaluation by this procedure is shown 
in Figure 40. A comparison of the drag coefficient level obtained by 
simple superposition with those representating the experimental values 
show the latter to be higher by about AC^ * .0010 to .00I3> In the 
bookkeeping process, the higher drag would be manifested as an aerodynamic 
loss over and above the static installation loss. 

Additional drag integrations over the scrubbed arenas generated by in- 
creasingly three-dimensional nozzle shapes, are shown in Figure 4l. These 
data show that the integrated pressure drag falls below the fully-attaclwd 
jet level as nozzle aspect ratio is reduced toward the circular shape. 

Even the circular nozzle, however, shows some increase in pressure drag 
over that which would be predicted by superposition of static turning 
loads onto the clean wing. That other investigators have found a similar 
effect from USB-type configurations is shown in Figure 42. In this figure, 
integrated pressure drags from the present study are compared to data 
taken from Reference 3; the reference nozzle has an exit aspect ratio of 
about 3-3- 

When only pressure results, such as these, are considered, a logical 
question arises concerning the clean wing drag increment shown on Figure 
40 or 41. This drag increment in the wing-alono configuration (2-D) is 
normally offset by a leading-edge suction force such that under pre-drag- 
rise conditions, the net drag is primarily that due to skin friction. 

With a three-dimensional closed forebody present to suppress this suction 
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force over the width of the nozzle, the total drag penalty could %#eli 
include that shown as representing the clean wing level in addition to 
the aforementioned increase. Pressure surveys in the tests were insuf* 
ficient to formulate a definite conclusion in this regard and recourse must 
be made to the force tests results. 


Treating the lift generated in the jet~scrubbed area in the sasie fashion, 
integrated lift results are shown in Figures 43 and 44 for nozzle aspect 
ratios of 4, 2.5 and 1.25 (circular). As concluded earlier, the lift 
increment within the scrubbed area falls below that of the wing alone at 
the flow-through pressure ratio. For the tiao wider nozzle shapes, this 
initial lift loss is essentially recovered by blowing at a pressure ratio 
of about 2.0 or higher. The circular jet, on the other hand, never re- 
covers the initial lift loss within the scrubbed area due to the nacelle 
installation. Relative to the flow-through case, the increase in lift 
with blowing is seen to be also generally higher than would be predicted 
by a superposition of statically-derived wing loads to the lift level 
present on the wing at flow-through conditions. 


In the foregoing discussions, it has been observed that the parameter 

represents a major influence on pressure distributions as well as 
jet-induced lift and drag increments. Figures 45 and 46 utilize this 
ratio as a correlating parameter to collapse the integrated drag Incre- 
ments to a common curve regardless of pressure ratio or Mach number. The 
calculated trend Is shown for reference along with the clean wing pressure 
drag increment. As indicated, the jet dynamic pressure ratio serves the 
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intended purpose for the three nozzle shapes. A similar correlation 
of the integrated lift increments is provided in Figure 47, which again 
shows the value of as an effective correlating parameter. In an 

effort to assess the influence of the aforementioned high pressure near 
the nozzle exit, a re-integration of the centeri ine-pressures was performed 
deleting this region from the integration; the open symbols on Figure 47 
represent the results. At a high pressure ratio, the relative loss in 
lift due to the impingement and re-direction of the high-pressure air 
at the exit is seen to be appreciable. The data of Figure 47 has been 
utilized to prepare Figure 48. In this figure, lift increase due to 
thrust (relative to flow-through) is shown as a function of jet dynamic 
pressure ratio and a comparison is made with the data provided in 
Reference 3. The referenced results, reflecting tests of an aspect ratio 
3-3 nozzle, compare favorably with the present results from an aspect 
ratio 2.53 nozzle (O-duct) . 

The variation of the drag and lift penalty with blowing is portrayed in 
Figures 49 and 50 respectively, by normalizing the increments to that 
representing the clean wing. Figure 49 indicates that the excess pressure 
drag behind an aspect ratio 4 nozzle can be as much as 4 times that pre- 
sent on the clean wing and that the D-duct nozzle can reach a level of 
about 2.5 times the latter. Although marginally attached, the circular 
jet can generate an excess pressure drag about equal in magnitude to that 
of the same area on the clean wing. A similar presentation for the lift 
increments is shown in Figure 50. A larger, initial lift loss is sustained 
at flow-through conditions by a wide nozzle (AR = 4), but this loss is 
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Figure 48 . Lift increase in scrubbed area 

due to blowing, a=s2°-3°. 
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Figure kS . Variation of excess pressure drag due to nacelle 
installation and blowing within scrubbed area, 
0 - 2 °. 
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Figure 50 . Variation of incremental lift due 

to nacelle installation and blowing 
within the scrubbed area, o»2°. 
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more than recovered with a small excess lift benefit indicated at high 
blowing rates. The "D-duct" nozzle shows some Instability at high blow- 
ing rates and may, depending upon pressure ratio, recover the initial 
lift loss or essentially separate from the wing surface, as in the case 
of the circular nozzle. 

It is of some interest to note that Jet- induced pressure drags similar 
to those of the USB-configuration have been observed in tests of Jet 
flaps. Reference 4 refers to this pressure drag component as "Jet-drag", 
where the source of the drag is an induced effect due to flow entrainment 
near the wing trai i ing-edge. The data shown in Figure 51 have been ex- 
cerpted from the referenced document and compared to US6-data taken from 
Figure 40 (aspect ratio 4 nozzle). The referenced material represents 
several tests of a Jet-fiap force model with some scatter in the measured 
results; this is shown as a band in Figure 51. As indicated, the USB 
results, representing a more three-dimensional nozzle shape relative to 
the 2-D Jet-flap, produce a pressure drag increase with very similar 

to that observed in the Jet-flap study. 

o Effects of Nozzle Shape (Aspect Ratio ) — The variation of Jet centerline 
pressures are shown in Figure 52 for three different nozzle shapes at 
Hj/poo=1.4. The relatively low pressure ratio (approximately flow-through) 
is employed to minimize the extraneous effects of the shock structure on 
the distributions. As noted, the pressures immediately aft of the airfoil 
crest (x/c = 0.45) vary essentially with nozzle height except in the case 
of the circular nozzle which characterizes a marginal or unattached Jet. 
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Figure 52 . Effect of nozzle exit shape on jet 

centerline pressures, a “2®, M»™0.60, 
H j /p» ■ 1 , 4 . 
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Predicted incremental pressure levels based on: 


J 

are shown to correctly evaluate the change in pressure coefficient for 
the two wider nozzles while the poorly attached circular jet does not 
attain the predicted level. 

The data presented in the earlier discussions have been utilized to pre- 
pare Figures 53 and 54 for illustrating typicai drag and lift variations 
in the jet scrubbing area with nozzle aspect ratio. Figure 53 considers 
the pressure drag variation at a nozzle pressure ratio of 2.6 at M = 0.68. 

The trends show that the circular nozzle efflux represents an unattached 
jet with the pressure drag increment close to that which would be pre- 
dicted from static test observations. As the aspect ratio increases, the 
jet becomes marginally attached, which, combined with a greater nozzle 
width, produces a higher pressure drag. At an aspect ratio of about 4 
and higher, the pressure drag increments correspond to that of a fully- 
attached jet turning through essentially the full angle range of the aft 
wing surface. As before, the wind-on pressure drag exceeds that which 
would be prediced by a simple superposition of the static pressure load 
onto the clean wing pressure level. 


A simitar presentation for incremental lift coefficients developed in 


the scrubbed area by the jet operating at H^/p^ = 2.6 is shown in Figure 
54. Also shown are the clean wing lift increments over the appropriate 
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nozzle widths and the lift increment as calculated by: 


ACj^ ■ sin (o+17°) 


( 17 ) 


This latter increment is almost a constant at a specified pressure ratio 
except for slight variations in and C^. At the pressure ratio 
selected, the integrated pressure indicates that between the nozzle exit 
and wing trai I ing*edge, the lift increments essentially correspond to a 
level very little different that developed by the clean wing over the 
same footprint area, at least in the lower nozzle aspect ratio range. Data 
obtained from Reference A, shown on the figure, corroborates this trend. 
Force data, discussed later, will show that the total lift developed by 
the entire wing with blowing jet installed is greater than that of the 
clean wing (at the same a) by about = .04 - .05 (typically). Shown 

on Figure 54 is an incremental circulation lift calculated from force 
data by; 


AC. 


Hl/p. 


- Tij C.J. sin (a+6j) - 


( 18 ) 


CLEAN 


where, 6^ = 15° is used in the calculations. This increment represents 
the circulation lift increase due to installing the nacelle and blowing 
at Hj/p^ = 2.6. Since the pressure test results suggest that very little 
of this lift benefit is carried by the area scrubbed by the Jet itself, 
then aC. must represent lift induced on adjacent sections of the wing, 
the lower surface of the wing or the nacelle forebody. For the most part, 
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the spanwise influence of the jet on adjacent wing sections, as discussed 
later, appears to be the major mechanism accounting for this difference. 

o Effect of Nozzle Size — In the discussions of the pressure model results 
at static conditions, it was noted that peak negative pressures generated 
along the jet centerline varied roughly in proportion to jet height. It 
was likewise shown in Figure 52 that for wind-on conditions, centerline 
pressures varied similarly when nozzle size (and C^) was spec! fied and 
jet height changed with nozzle exit aspect ratio. The variation of 
centerline pressures when nozzle shape is specified and jet height is 
allowed to vary with nozzle size is considered in Figure 55(a). For these 
data, three "D-duct"-shaped nozzles are represented with exit areas vary- 
ing from = *»8, (Ng) to = 12 (Nj). A low, constant nozzle 

pressure ratio (H^/p^ = 1.^<) is used for the comparison to suppress the 

rapid fluctuations in the distributions due to shock formations. As noted, 
the three nozzles, although varying significantly in jet (or nozzle) 
height, show about the same level of centerline pressures as the clean 
wing over the aft-portion of the airfoil; little or no variation with 
nozzle height is indicated. This implies that the centerline surface 
flows are turning through similar angles for the three nozzles. As pro- 
vided in Figure 55(b) wherein similar data are plotted for H./p = 3.0, 

J " 

centerline pressures for the large jet (Nj) indicate a separated jet aft of 
x/c = 0,65. While all three jet sizes show indications of separation or 
marginal attachment at this pressure ratio, the smaller, (Ng) , generates 
more negative pressures as, would generally be expected. As will be 
discussed later in terms of force measurements, pressure drag due to 
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blowing tends to be reduced at pressure ratios of this magnitude. As 
shown in Figure 55(b), it would be improbable that even the smallest jet 
is well attached aft of x/c ■ 0.80 due to the presence of the strong 
compression wave existing at that point. 

o Spanwise Effect of Nacelle Installation — In a spanwise direction the 
major effects of the jet appear to be localized to the immediate vicinity 
of the nozzle. Figure 56 compares chordwise pressure distributions at 
several spanwise stations close to a "Deduct" nacelle, N3, at * 0.68, 

H/p^ « 2.0. The spanwise location in this figure, as well as those 
figures immediately following, is given in terms of nozzle half'-widths 
( AY/j). As shown in Figure 56, the major effect of the jet is to pro- 
duce a high-pressure region near the nozzle exit (x/c = 0.35), which pro- 
pagates outward for a distance of at least several nozzle half-widths; 
this spanwise influence has essentially damped out at a distance of 
four nozzle half-widths. At those ineasuring stations under the strong 
influence of this high-pressure region, a saddle-shaped chordwise distri- 
bution of pressures is noted. At the selected Mach number, this type of 
distribution effectively fixes the position of the leading-edge wing 
shock well forward of the nozzle exit. At more remote stations, the 
shock can move further aft with a greater chordwise extent of induced, 
supersonic over-velocity near the leading-edge. Pressures on the lower 
surface of the wing indicate very little spanwise influence of the jet. 
Effects similar to those noted above are shown for the same nozzle 
operating at a much higher nozzle pressure ratio (H/p^ * 3-57) in Figure 57* 
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Figure 56 


Spanwise influence of jet, "D-Ouct" 
nozzle (N3) , 0 = 3 ®, Moo- 0.68, Hj/poo*2.0. 
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Figure 57 


Spanwise influence of jet, "D-Duct" 
noz (N 3 ), 0 = 3°, M^-0.68, Hj/po<.*3.57. 
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The same type of data are given in Figures 58 (H/p^^ ■ 3-0) and 59 
(H/p,^ * 2.75) for the wide (aspect ratio 6) nozzle tested on the straight 
wing. Increased interference velocities, or super-velocities, are noted 
near the wing leading-edge close to the jet ( AY/j ■ 1.16); these are 
generated by the expanding shape of the wide, fiat nozzle at the wing/ 
nacelle juncture. The pressures at AY/y ■ 0.84 fall within the jet 
scrubbed area and therefore are under the direct influence of the jet and 
associated shock structure. These data also show that the influence 
of the jet has essentially disappeared at approximately 2.5 nozzle half- 
widths from the jet centerline. 


Data similar to the foregoing, but for representative small nacelles in- 
stalled on the swept wing are provided in Figures 60 and 6l. Figure 60 
shows pressure distributions at two spanwise stations inboard of the D duct 
nacelle ( AY/y - “2.7 and -7-9) and one station outboard of the nozzle 
(AY/y = ^2.21) at Mach = 0,68 and Hj/p„,= 2.0. The results show the in- 
board side of the nacelle to be more sensitive to jet-induced interference 
than the outboard side (compare ~ 2.7 and ^2.2); in fact, some 

si ight changes from clean wing pressures are noted at an inboard station 
7.9 nozzle half-widths away. Pressure data obtained from tests of the 
wide nozzle (Nx 3 , /R = 6) , as tested on the swept wing and shown in Figure 
6l, also indicate a sensitivity of the inboard flow-field to jet-induced 
interference. Some effect is noted at five nozzle half-widths inboard 
of the centerline. The data of both Figures 60 and 6l show relatively 
high supervelocities generated on the inboard side of the nacelle at 
the leading-edge. While the fillets used with these models were of some 
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Figure 59 . Spanwise Influence of jet, noz N 5 , 

AR- 6 , a- 30 , K„-0.68, Hj/p„-2.75. 


106 



USB CRUISE PROGRAM 


4Y/w FROM 

T 

O -2.7 (INB'D OF t) 
O -7.9 (INB'D OF q) 

A +2.21 


• CLEAN SWEPT WING FLAGGED SYMB., LOW. SURF. 



x/c 


Figure 60 . Spanwisc influence of jet on swept wing, 

noz Ne, AR*2.5i a*3°« Moo*0.68. 
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Figure 6l • Spanwise influence of jet on swept wing, 
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benefit in suppressing such supervelocities, the need for a more effec* 
tive method, such as area-ruling or streamlining, is indicated by the 
available data. 

It is concluded from the foregoing and other data that lift induced by 
the jet is generally confined to the immediate spanwise vicinity of the 
nozzle. While lift increases are noted on the adjacent wing sections, 
these appear to be associated with nacelle and nozzle planform shapes 
as much as with the jet-induced effects. The general trend appears to 
be an increase in adjacent section lift as the nozzle width increases, 
which probably accounts for the lift changes noted in the discussions 
of pressure data (Figure 54). 

o Effects of Multiple Jets — Pressure tests of a four-engine configuration 
using small = 48) "D-duct" nacelles spaced 1.6 nacelle diameters 

apart (surface-to-surface) are represented in the data of Figures 62 and 
63> These data compare clean wing chordwise pressure distributions with 
those obtained at a cnordwise station mid-way between the two Jets 
(AY/^ = ± 2.6). In Figure 62, the major effect appears to be in the 
region of the leading-edge where rather extensive filleting had been used 
to prevent excessive shock losses. At = 0.60, Figure 62, the high- 
velocity region appears to recover to the clean wing trai 1 ing-edge 
pressure level without separating. At = 0.73, Figure 63, the forward 
high-velocity region is moved aft relative to that of the clean wing with 
the predominant effect being the high-pressure region near the nacelle 
exit positions. The aft pressure gradient resulting from the saddle- 
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Figure 63 


Swept wing pressure distribution along 
median line of twin-jet configuration, 
"0-Duct" noz (Ne), 0-3°, M-.-0.73, Hj/p» 
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shaped distribution, along with flow-entrainment Into the Jets, would 
tend to suppress boundary- layer build-up or separation at this median 
position. Again, the trai 1 Ing-edge pressure level essentially matches 
that of the clean wing. From these data, no severe flow problems sug- 
gesting a high interference drag penalty are noted at the median position; 
this would not be surprising in view of the relatively large spacing 
between nacelles. Wake traverses behind the multi-jet configuration. 
Figures 193 and 194 of Volume MC, indicate a substantial loss in total 
head immediately downstream of the median station, which tends to con- 
flict with the foregoing conclusion. As will be shown In Section 3*2. 3*2, 
force test results indicate very little drag penalty identifiable as an 
interference type of drag for this configuration. 

3.2.3 USB Installations — Force Tests 

Discussion of the force-test results follows the same format as used for 
the analyses of the pressure-tests. The following sections consider first 
the static performance of the USB-system along with the balance-measured 
parameter derived. These discussions are followed by the wInd-on force-test 
results. 


3.2.3»1 Static Performance-Force Tests — Static, installed force tests 
were conducted on all test nozzles to evaluate the two parameters: r\- 


(static efficiency) and S. (static turning angle). Figure 64 provides a 

■*s 

summary of static installed thrust efficiencies (hj ) and the effective 

static Jet deflection angle, (d. ) for each test nozzle as a function of 

■*s 
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NOZZLE 

Hj/p«* 1.6 

2.0 

12.6 

3.2 

N2 

1.0 (1.0) 

1.0 (0) 

1.0 (.6) 

1.0 

(1.3) 

^2E 

.990 (1.2) 

.984 (1.0) 

.989 (1.0) 

.989 

(1.0) 

N3 

1.0 (5.2) 

1.0 (5.0) 

.994 (6) 

.990 

(6.1) 

N3£ 

.993 (4.5) 

.988 (3.2) 

.978 (3.0) 

.975 

(4.0) 

N4 

.933 (8.6) 

.966 (9.2) 

.968 (9.8) 

.970 

(10) 

N4E 

.964 (13) 

.975 (13) 

.969 (13) 

.975 

(13) 

Ns 

.971 (12) 

.993 (12) 

.977 (12.5) 

.985 

(11) 

Ne 

.946 (2) 

.972 (2.0) 

.982 (2.8) 

.978 

(3.3) 

Ns 

.946 (2) 

.972 (2.0) 

.982 (2.8) 

.978 

(3.3) 

Nil 

1.0 (2.3) 

1.0 (2.8) 

1.0 (2.5) 

1.0 

(2.0) 

Ni2 

.966 (0.5) 

.968 (2.5) 

.972 (4.7) 

.964 

(4.8) 

Ni3 

1.0 (7) 

.962 (7.5) 

.963 (7.3) 

.966 

(7) 

Ne^+Ng^ (DUAL) 

.941 (1.5) 

.967 (1.5) 

.977 (2.1) 

.973 

(2.4) 


. _ INSTALL. THRUST 

NUIt: n-r^ - isolaT. THRUST 

£: IN DEG. 

Js 


Figure 64 . - Tabulation of nTs test nozzles; 

static data. 
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nozzle pressure ratio. Inasmuch as an accurate determination of these 
parameters can Involve very low force loadings (normal force with a margin* 
ally attached Jet, for instance), a separate check was made on several more 
sensitive balance systems; Section 3>l.1 provides additional discussion of 
these supplementary tests. For each of the several balance systems utilized 
under the Task It effort, it was necessary to obtain the isolated thrust as 
well as the static installed thrust to derive the several static parameters. 
The values of the static parameters shown In Figure bk are based on the 
more accurate balance measurements. 

3.2. 3»2 General Wlnd-On Performance — The wInd-on aerodynamics of the wing/ 
nacelle combinations are discussed in the following paragraphs in terms of 
incremental effects on cruise drag, lift and pitching moment. Where possible, 
these force and moment increments are further broken down in an effort to 
identify the sources of the aerodynamic changes induced by the installation 
of the blowing naceiie and for corroborating trends developed from the pres- 
sure test results. These discussions will be followed by data pertaining 
to geometric effects. 

o Total Cruise Drag Penalty — Figure 65 shows a typical trend of the total 

nacelle drag penalty (AC. ) as a function of the nozzle gross thrust 

M 

coefficient, C.^.; the Mach number of 0.68 is at the drag-rise of the 
straight wing/nacelle combination and the nozzle has a "D-duct" shape and 
size of =* 2k. The experimentally-derived increments illustrated 


are obtained from: 
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at a constant (total) lift coefficient of 0.40. The data points shown 
have been obtained at fixed nozzle pressure ratios of 1.4, 1.8, 2.2, 2.6 
and 3.0. Starting with the flow-through nozzle pressure ratio (Hj/p«*= 1.40), 
there is a gradual reduction in the drag increment as the thrust coeffic- 
ient is increased to about .06 followed by a more rapid increase between 
Cj - values of .06 and 0.10. Above - 0.10, the initial trends appear 

to be repeated with a gradual increase in the overall drag penalty. 

It will be shown that this trend is reasonably typical for the wider 
(higher aspect ratio) nacelles with the perturbations in basic drag level 

created by a changing trade-off between the scrubbing losses, ACq , the 

n 

drag-due-to-1 ift, AC^ , and the pressure drag induced by the deflecting 

^i 

jet, ACp . 

J 

Duplicating the foregoing format, the total cruise drag penalties of all 
of the straight wing nozzles are given in Figures 65 through 88 at fixed 
Mach numbers of 0.60, 0.68 and 0.72. Corresponding swept wing nozzle 
configurations are similarly presented in Figures 89 through 103 at 
fixed Mach numbers of O. 6 O, 0.68 and 0.73; the drag-rise (or cruise) con- 
dition for the swept wing configurations is Mach 0.73i = 0.40. For 

the single-nacelle installations, the swept wing drag penalties are 
shown to be approximately one-helf that of the straight wing installations, 
inasmuch as the nacelle sizes on the swept wing are normally one-half 
those of the straight-wing (c^/A^ = 48, swept). In addition to 
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Figure 66 


Incremental nacelle drag and component bulld“up 
noz N 3 C, AR*2.5» Md**0.60, CL(,j"0*^0 





















Incremental nacelle drag and component build-up 
noz^N2, circular, 





































USB CRUI 


O Tl 



Figure 74 


Incremental nacell 
noz Ns0, AR 2.5» 
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Figure 76. Incremental nacelle drag and component build-up 
noz Nag, AR-2.5, M»«0.72, C|.|^"0.40. 







































ORiOtNAL PAGE IS 
OF POOR QUAUI> 



Figure 82 . 
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Figure 86 • 


Incremental nacelle drag and component build-up 
noz Ng» AR>2.5. C|.m"0.A0. 
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Figure 90 • Incremental nacelle drag and component buMd-up, 

not Ne^ » AR ■ 2.5, ■ 0.68, Ci.^ ■ 0.40. 
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Figure 91 


IncreiMnta) nacelle drag and component build-up, 
no 2 , AR » 2.5, Moo ■ 0.73, Clm ■ 0.40. 
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Figure 32 < Incremental nacelle drag and component build-up, 

noz Nixt circular. Mm 0 . 60 , C|,m * 0 . 1 ) 0 . 
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Figure 95 


Incremental nacelle drag and component build-up, 
noz Nj 2 , AR ■ 4.0, Mob ■ 0 . 60 , Clj^ ■ 0.40. 
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illustrating the range of incremental drag penalties found for varying 
nozzle and wing geometries, nozzle pressure ratio and Mach number, the 
foregoing data (i.e.. Figures 65 through 103) form the basis of the 
geometric effects studies provided in Section 3>2.3-2. Shown on the 
figures representing the cruise drag penalties of the various nacelles 
are curves reflecting the estimated component drag penalties as progres- 
sively summed for comparison to the measured total drag penalty. The 
sources and assumptions made in the generation of the component curves 
are explained in the following discussions. 


o Nacelle Friction Drag (ACj. ) — This component is the skin friction drag 
coefficient of the nacelle installation inclusive of lower surface 
pylons, ducting, forebodies and nozzles* These have been estimated by 
standard aerodynamic procedures and have been modified to account for 
interfacing footprint areas between nacelle and wing such that the 
tested values of the drag of the basic wing/bouy combination can be 
applied. Figure I04 provides the estimated values of AC used in the 
drag build-up process. 


o Scrubbinu-drag Coefficient, (AC ^ ) ~ Evaluation of the scrubbing drag 

n 

component makes the assumption that the value of the statically-derived 

installed thrust ratio (hj = remains invariant in the wind-on 

i solated 

condition. Therefore, the scrubbing drag loss is represented by: 


n 


( 20 ) 
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Figure 104 . Tabulation of estimated skin friction 

drag of test nacelles. 
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where ACj • FLOW-THROUGH 

Variations of rif with nozzle pressure ratio are provided in Figure 64, 
Section 3<2.3<1 for all of the test nozzles. Values of Cj at the flow- 
through pressure ratio can be obtained from the Cj vs Hj/p« curves in 
Volume 11(B). 

0 Drag-Due-To-Lift (ACp ;) — Assessment of the drag-due-to-l ift penalty 
combines all lift - (or o-) related drag penalties under one coefficient. 
Thus, this component is comprised of true potential-flow induced drag 
changes due to the nacelle-plus blowing jet, profile drag variations 
with lift as well as any variations in the shock/boundary-layer inter- 
action with a. The derivation of this component penalty has made use 
of plots of Cljqj vs Cojgj for each of the fixed nozzle pressure ratio 
(i,e., > H j/poo > 3*0) . Utilizing the shapes of these curves in a con- 

ventional manner re ults in an "effective" induced drag factor, e^ 
which can then be compared to a similar factor derived for the basic 
wing/body combination. The results of these calculations are presented 
in Figures 105 through 117 in the form of Ae/e^ across the blowing- and 
Mach-ranges or: 


Ae 


1 1 ^ 1 ' 

^ w 


( 21 ) 


In taking the slopes of the lift-drag curves, emphasis was placed on the 
lift range 0,3 < < 0.5 inasmuch as such curves are generally not 

entirely Mnear over the lift range of interest. Typical variations of 
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Figure 106 . Variation of effective drag-due-to-1 i ft parameter with 

thrust and Mach no., nozzle N 2 £> circular. 






Figure 107 • Variation of effective drag-due-to-1 ift parameter with 
thrust and Nach no., nozzle N 3 B, AR * 2.5. 
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Figure 116 


Variation of effective drag-due-to-1 1 ft parameter with 
thrust and Mach no., nozzle Njs, AR « 6. 
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the Ae/ew curves with blowing coefficient show a large drag penalty at 
the flow-through condition (Cj ~ .025) with a gradual improvement as the 
blowing rate increases, it is believed that such an improvement, more 
notable with the wider nozzles, reflects a flow-entrainment process 
whereby the. boundary- layer on the more remote sections of the basic wing 
are being increasingly controlled (or entrained) into the jet as the 
blowing rate advances. It is noted that under no condition is the 
initial loss incurred by the nacelle installation fully recovered by 
blowing. In fact, at the higher blowing rates where the effective drag- 
due-to-lift penalty tends toward a minimum, it would be anticipated the 

true potential flow induced drag should be increasing rapidly and the 

Ac 

parameter, — , wouM become more negative as the thrust is advanced much 

Cvv 

beyond the limits shown. It may also be noted that for the circular 
nozzle configurations, Figure 106, for example, the drag-due-to- 11 ft 
penalty recovers beyond flow-through but to a relatively low level which 
is almost constant with blowing rate. This trend wou:.^ id to support 
the supposition of an entrainment effect which may be reduced for the 
circular nozzle due to the marginally attached jet. 

0 Jet Pressure Drag (ACpj ) — Study of the surface pressure within the jet- 
scrubbed area (Section 3*2.2) identifies a pressure drag penalty beyond 
that which would be assessed from purely static measurements of jet 
deflection. Tne pressure measurement study suggests that in the vind-on 
condition, both lift and drag increments due to the jet should represent 
jet deflection angles more nearly like the trai 1 ing-edge angle of the 
wing upper surface (5j - 16^-17”) rather than the considerably lower 
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deflection angles measured statically (see Figure 64). In keep- 
ing with this concept, the jet-pressure drag penalties shown on the 
figures has been computed from: 

ACOj = niACj [ 1 -cos (a+3 j ) ] (22) 


where 


act * (Ct) plow-through 

a - 2°-3® (cruise Cltqt “ 

3j = 17° (max) 

Particularly where thick jets are involved (circular jets being notable 
examples), lower angles have been used in the calculations to provide 
insight into the breakdown of test results; the jet angle used in the 
computation is noted on the figures and in some instances, several angles 
have been employed. 

A progressive summation of the four basic drag components (ACo||^p., 

ACoj and A^jj) to a total penalty is identified on Figures 65 through 
103 as a long da'h Mne. This summation can then be compared to th"; 
measured nacelle drag increment and further drag penalities assessed if 
the comparison appears to warrant further drag identification. A com- 
parison of the measure^ drag increments and the component i zed build-up 
shows that, f'lr the most part, the major portion of the total nacelle 
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drag increment is identified by the summed components. In general, the 
pressure drag component appears to correspond to a jet deflection of 
from 12° to 16° at the lower nozzle pressure ratios. Just beyond the 
theoretical critical pressure ratio, (— ^ ® 1*89), a "hard-choke" condi- 

poo 

tion with accompanying shock formations in the jet create a flow-field 
and aft wing pressure gradient in which a completely attached jet flow 
is difficult to maintain. The data provided indicate a resulting jet 
angle of 10°-12°, whereas for a circular jet, the angle reduces to about 
6°. As the blowing rate continues to advance toward Hj/poo ^ 3.0 and 
beyond, the downstream movement (and inclination) of the jet compression 
waves appear to permit some re-attachment of the jet which is accompanied 
by a higher jet pressure drag loss. 

An example, where an additional drag penalty is involved in the total 
increment is given in Figures 80 through 82 wherein an aspect ratio 4 
nozzle (N^g) with a high (36°) boattail angle is represented. Flow sep- 
aration on the aft-nozzle is evident from flow-visualization tests, Figure 
ll8 and surface pressure measurements. This drag penalty, identified as 
ACpg, appears to be gradually reduced as Cj increases. It is believed 
that this trend, contrasting with the rapid build-up of jet pressure 
drag (fij = 16°), is caused by a suppression of the local separation by 
a jet-pumping effect. At a (Hj/pa>“3.0) the boattail separation 

appears to be entirely suppressed if the assumption of a l6-degree jet 
angle at the wing trai 1 ing-edge is made. 

An interesting comparison if offered in the data of Figures 65 and 75. 
Figure 65 represents a "D-Duct" nozzle with a 25° boattail angle, whereas 


173 



USB CRUIS: PROG RAH 



on -flow photograph of h I qh-boatta i ! siozzle 
(N,,j:) , p = 36 \ ti,. ’ 0. 70, ,< = 2.6 . 


ORIGINAL PAGE IS 
OF POOR QUALITY 


Figure ng - 





Figure 75 provides drag results from a similar configuration except for 
the much lower boattail angle of 9 degrees. Based on the component 
build-up, the 25 degree boattail configuration sustains a higher scrub- 
bing loss (lower n-j-) but a lower drag-due-to-1 ift penalty than its 
counterpart. The trai I ing-edge jet angle appears to be slightly higher 
for the 25 degree boattail angle conf igurat ion, as would be expected for 
a higher degree of jet attachment. The somewhat higher total drag in- 
crement for the case with the high jet-impingement angle appears pri- 
marily due to a higher scrubbing loss which is not offset by the improved 
drag-due-to-1 ift. Thus, for a given nozzle aspect ratio without signifi- 
cant boattail separation, the basic aerodynamic trade-off in setting 
boattail (or jet impingement) angle appears to be between the increasing 
scrubbing losses and pressure drag on one hand versus the improving 
drag-due-to- 1 i ft losses on the other, as pressure ratio advances- 

In the foregoing componentized drag increment build-ups, the match with 
the measured total does not indicate any large, contributing components 
which remain yet unidentified. In associations with the analysis of the 
pressure test data, a question was raised regarding the role of a leading- 
edge suction force on the clean wing which would normally offset the aft- 
wing pressure drag over an area equivalent to that scrubbed by the jet. 

The pressure data of Section 3- 2. 2. 2 shows that, at the nozzle flow- 
through pressure ratio, the aft-wing pressures approach those of the 
clean wing. With the three-dimensional nacelle forebody spanning that 
section of the wing, the necessary leading-edge suction force must be 
carried by the nacelle forebody or, more likely, is accounted for by the 


J75 



moderate increase in leading-edge negative pressure on adjacent sections. 
In any event, an identifiable increase In nacelle drag (typically, .0010$ 
^Co $ .0020) due to a loss in clean wing leading-edge suction force is 
not apparent in the force measurements. 

A second question should be addressed inasmuch as Section 4.0 demonstrates 
that the USB lift-performance can be represented as a highly-iocal ized 
Jet flap. This question is in regard to the so-called "Thrust Hypothesis" 
pertinent to jet-flap theory (see Reference 4, for example). It Is stated 
(ideally) in this hypothesis that the total forward thrust will be essen- 
tially independent of the jet-deflection angle. This form of thrust 
recovery, normally referred to in an idealized, two-dimensional situa- 
tion, has some theoretical justification. However, as in the present 
case, very little "hard-evidence" of such an effect has been found on 
three-dimensional wings under experimental conditions. In the USB- 
program, there are several features of the experimental set-up which 
tend to mitigate against significant thrust recovery of this type in 
addition to the three-dimensionality of the jets. In the ideal case, 
it is suggested that the thrust recovery is manifested by an increase 
in the leading-edge suction pressures. While some increase in leading- 
edge pressures are noted on adjacent sections of the wing (Section 
3. 2. 2.2), it is apparent that large increases in suction could not be 
sustained at the test conditions without the onsets very strong shocks 
and subsequent flow-separation. Additionally, a significant induction 
effect over the crnsiderable jet-to-leading-edge chordwise distance with 
such a highly localized (spanwise) jet is believed to be improbable. It 
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is therefore concluded that beneficial drag effects, representing the 
thrust hypothesis, are a highly unlikely contributor to USB curise 
performance. The correlation obtained with the build-up process appears 
to support this view. 

0 Lift Due to Blowing — Typical examples of the variation of the total 
lift coefficient with nozzle pressure ratio are given in Figures 119 
through 121 at fixed angles of attack and constant Mach number (0.68). 
This set of figures covers a range of nozz'e exit shapes Trom circular 
(Figure 119) to "D-Duct“ (Figure 120), to aspect ratio 6 (Figure 121). 

The wing-body lift coefficient at the same a is shown for comparison. 

The general trends of these data show a rapidly increasing lift co- 
efficient in the lower blowing range with a leveling-off as Hj/p® - 3.0 
is approached. These trends, as well as the comparative greater lift 
developed by the wider (higher aspect ratio) nozzles, are typical of 
limited-span jet flap performance; in fact, Section 4.0 shows that 
excellent agreement can be obtained between tne measured USB lifr per- 
formance and that calculated from simple Jet flap theory. While not 
particularly emphasized in the examples provided, in many cases a sli:.’^" 
drop in lift is obtained at or near Hj/p® = 2.0 manifesting the onset 
of a "hard-choke" exit condition of the nozzle. Additionally, a slight 
drop-off in lift is often noted at the higher blowing level (see Volume 
11(B)) supporting the speculation of Jet detachment under such conditions. 
While the foregoing drag data show a strong dependance on the extent of 
Jet-attachment, the lift does not appear to be particularly sensitive to 
moderate changes in the Jet angle, since r ost of the p»'essure changes with 
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Figure ]20 * effect of noz/le pressure ratio on total 
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jet angle are occurring forward of the wing trailing edge. As will be 
shown in Section ^.0, reasonable correlation of the USB lift-due*to- 
blowing with Jet-flap theory is obtained only when local jet angles of 
about the same magnitude as deduced from the drag data are utilized. 

As a genera! trend, the total lift-due-to-blowing improves only slightly 
with angle-of-attack, as would be anticipated from the above-mentioned 
similarity to jet-flap performance and considering the limited angle 
range of interest. However, circular jets tend to show a slightly larger 
benefit with increases in angle-of-attack indicating that the marginal 
jet deflection at small -a can be increased as the higher AP existing 
across the jet, as the angle-of-attack increases, promotes higher jet 
deflect ions . 

Lift increments due to blowing have been extracted from the basic data 
plots discussed in the foregoing, and are shown as a function of Cj in 
Figures 122 through 132 for all of the test nacelles. The increment 
represented i s 


( 23 ) 

and therefore contains the lift due to the nacelle installation at flow- 
through condition as well as the additional lift due to blowing. Inasmuch 
as for the majority of the nacelles such increments are not strongly a- 
dependent , the increments are siiown only for a - 2^-3° across the Mach 
number range. 
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Variation of lift increments due to blowing, 
noz N2£, circular. 
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0 Pitching-^loment Due to Blowing — The measured "naceUe-on" pitching- 
moments are shown as a function of nozzle pressure ratio for typical 
nozzle exit shapes In Figures 109 through 111. The data are shown at 
fixed angles-of-attack and for • 0.68. While admittedly, pitching- 
momeni data derived from semi-span models are generally felt to be un- 
reliable, the trends shown with blowing correlate well with theory (as 
indicated in Section 4.0) and are therefore believed to be a reasonably 
valid representation of USB-type performance. As noted, the moment 
variation with Hj/ps> is consistent with the rate -of -change of jet-induced 
lift over the aft-portion of the wing wi*-h a slight trend toward a more 
nose-up moment as the blowing increases. In the bulk of the oata (see 
Volume 11(B)) slight perturbations in moment are noted near Hj/pa> - 2.0 
as was mentioned in the lift discussions. It is also seen that the 
increment due to blowing is not strongly dependent on a. As would be 
expected, the thick, circular Jet produces a lower (less negative) pitch- 
ing moment (Figure 133) than do the higher aspect ratio nozzles (Figures 134, 
13 s); again, this trend is consistent with both lift and drag evaluations. 

The basic data plots shown above have been used to obtain the pitching- 
moment increments due-to-blowing as a function of thrust coefficient (Cj) . 
These data are provided in Figures 125 through 129 for a constant angle- 
of-attack (a = 2^-3°) for the various Mach numbers of interest as typical 
of both straight and swept wing nacelle installations. Further discussions 
of the pitching-moment data are provided in Section 4.0. 
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3.2. 3. 3 Aerodynamic and Geometric Effects - Based on the incremental data 
curves presented in the foregoing section, the effects of geometric vari- 
ations in the nozzles, wlng/nace!le combinations and nacelle forebodies can 
be evaluated. The following sections consider the more significant effects 
obtained. 

o Effect of Nozzle Exit Aspect Ratio — To show the effect of nozzle exit 
aspect ratio at or near the wing/nacelle drag-rise (Hm > .68, * 0.40), 

the data of Figure 136 has been prepared. The drag penalty for each, 
nacelle at various levels of Cj has been normalized by the drag of the 
circular nozzle configuration (AR > 1.25). This plot indicates that the 
circular nozzle has the lowest drag of the basic exit shapes considered 
and that in the exit aspect ratio range 2.5 ("D-Duct") to 4.0, the design 
thrust coefficient would need to be considered in selecting a minimum- 
drag configuration. As noted in the discussions and data of Section 
3.2.2, the more two-dimensional nozzle configurations suffer from higher 
scrubbing losses and a high pressure drag induced by a well-attached jet. 
Although these configurations show a favorable trend in the drag-due-to- 
lift component as Cj increases, the improvement is not sufficient to 
offset the former losses. This would be particularly true at moderate 
nozzle pressure ratios where the drag-due-to- 1 i ft of the wide nozzle 
shapes has not recovered from an initially large installation loss. For 
a representative high-by-pass-ratio fan engine, a Cj- level of about 0.07 
would correspond to a nozzle pressure ratio of about 2.0 and a fan pressure 
ratio of 1.47. From the data of Figure 136, a circular nozzle would be 
selected from a cruise drag standpoint. However, in the interest of 
avoiding the need for an extensive variable geometry capability for the 
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Figure I36 


Effect of nozzle aspect ratio on nacelle drag 


nozzle when operating in the powered high-tift mode, this choice could 
be compromised without severe cruise penalty by the selection of a 
higher aspect ratio exit shape. Thus, the "0-Duct" design (aspect 
ratio 2.S) would represent a reasonable compromise configuration and 
the Task III Compatibility Study (Section 6.0) reflects this choice. 

0 Effect of Nacelle Boattail Angle — The angle between the nacelle center- 
line upper surface at the exit and the wing chord plane, as used herein, 
is the boattail angle, B. Across the range of exit shapes tested, this 
angle varied from about 6** to a maximum of about 36°. In general, the 
lower angles represented circular nozzle designs with the higher angles 
required by the wider, high aspect ratio nacelles. For a given nozzle 
aspect ratio, this angle was also varied by changing the nacelle fore- 
body length. In an attempt to define a limiting angle from a cruise 
standpoint, the data of Figure 137 has been prepared. Test results are 
shown in a drag ratio-form with the denominator representing a circular 
nozzle with B = 6°. Below 3 = 25° the trends are not completely uniform 
due, it is believed, to variations in the effectiveness of the wing/ 
nacelle filleting provided. Above 25°, however, the sharp increase in 
drag suggests that about 25° represents the maximum value of 6 if severe 
boattail separation effects are to be avoided. It is also noted that as 
Cj increases, the drag ratio diminishes in value as the jet trends to 
suppress some of the separation through a pumping effect. 

0 Effect of Forebody Fairing — The drag increment associated with an open, 
or flow-through, type of forebody is compared in Figure 138 to that 
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Figure 137 . Effect of nozzle boattail angle on 
nacelle drag. 
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associated with a faired-over forebody with the latter operating at a 
fiow'through nozzle pressure ratio. The nozzle in both cases is a 
circular configuration of intermediate size (c^/A|,j ■ 24). This study 
was made to determine if any significant drag differences were incurred 
when utilizing the two types of testing nuthods. Note that in this com- 
parison, the internal friction drag of the flow-through nacelle has been 
subtracted out. The drag difference is only minor at speeds in tiie sub- 
critical M-ich range. Beyond the drag-rise of the straight-wing/nacelle 
combination (H„ - 0.68), the fa i red-forebody yields a substantially high 
drag penalty probably as a result of a difference in area-ruling effect 
on the wing-body combination. It is concluded, from this portion of the 
study that no major drag difference resul ts when using the fa i red-forebody 
as a simple means of synthesizing powered nacelles, at least for the 
lower nozzle pressure ratios and at speeds up to the drag-rise Mach 
number. 

o Effect of Forebody Length - An interesting sidelight in the study of the 
faired nacelle forebody indicates that the length of the forebody (Figure 
139 ) does have some effect on the lift performance of the system. Figure 
l40 compares the total lift variation of the short and long forebodies at 
a flow-through pressure ratio to that of the basic wing/body; "D-Duct" 
nozzles (Ns^ and N 3 g) , are installed as the powered configurations. The 
longer forebody (Nsg), designed to minimize boattail angle, apparently causes 
a shift in the angle-of-zero- I i ft toward a more positive value such that, 
for € given a, a lift penalty of about 0.03 is incurred. In constrast, 
the short forebody configuration (high boattail angle) produces a ACl="''0.01 
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Figure 140 . Comparison of lift performance of "short" and 

"long" forebodies, tia, = 0.68, Hj/p® ■ flow-through. 
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r<tlative to the basic wing. This same trend prevails across the range 
of nozzle exit aspect ratio as shown in Figure I4l. in this figure, 
the lift increment (or decrement) sustained upon installation of the 
nacelle on the basic wing at the flow-through condition is denoted by 
the bottom lines. The top lines indicate the lift increments obtained 
with blowing af a pressure ratio of 3.0. It is seen that the short- 
forebody nacelles generally show small positive lift increments upon 
installation at flow-through pressure ratio, whereas generally negative 
increments are shown for the I iger forebody configurations. Addition- 
ally, the lift increment due to blowing is somewhat higher for the 
former designs which could reflect the higher boattail angles designed 
into these nozzles. Thus, while the use of the faired forebody does 
not appear to have a significant effect on drag (at a specified iift), 
there does appear to be a consistent effect on lift at constant a. 

o Effect of Nacelle Streamlining — A small "0-Duct" nozzle configuration 
(Ne) was analytically designed (Volume IIA) and tested on the straight 
wing in an attempt to quantify the merits of streamlining. As noted in 
Volume IIA, the major difference between the streamline and symr.etr ical 
nacelles was a lowering and shaping of the forebody for alignment with 
the incoming streamlines. While streamlining the plan-view was also 
performed, the geometric differences from that of the symmetrical nacelles 
was very slight due to the planform of the unswept wing. A direct drag 
comparison of the streamlined nacelle versus the symmetrical nacelle is 
not available in the test data inasmuch as the straight wing nozzles were 
of generally a larger size (c^/An = 2k vs. c^/Aj^ = 48 (Ng)); the smaller 
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nacelle sizes were normally tested on the swept-winy conf ig>jration. 
However, in an attempt to provide such a comparison. Figure ll»2 shows 
the drag of the streamlined configuration compared to that of a symmetri- 
cal nacelle of the same size, but tested on the swept-wing configuration. 
On this basis, the effects of sweep and the associated differences, or 
relative adequacy of the wing-nacelle fillets may play a role In the 
comparison. As indicated, beneficial drag effects are noted in the lower 
Mach-range and at the flow-through pressure ratio. This difference is 
due primarily to the lower drag-due-to-l i ft penalty of the streamlined 
configuration which, of course, was a major design objective. At the 
higher pressure ratio and at cruise Mach numbers, the streamlined nacelle, 
which was designed with an almost non-existent boattail angle, shows small 
drag benefits due, in this instance, to a slightly lower pressure drag 
Increment. The lift performance of the streamlined nacelle is compared 
to that of two-larger "0-Duct" nozzles in Figure 139. Since the stream- 
lined nacelle is designed to carry very little loading on the forebody, 
the lift penalty upon installation to the basic wing is the highest for 
any of the nacelles tested. This difference may also be noted on Figure 
141, where the streamlined nacelle is represented by a single point 
(AR = 2.5) at flow-through pressure and again at Hj/poo = 3-0. The bene- 
ficial effects of streamlining should become more pronounced as the wing 
sweep Is increased and the present comparison using a straight wing prob- 
ably should not be generalized. However, from the present results, tne 
design rationale utilized for nacelle streamlining merits some 
re-examinat ion. 
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0 Effect of Mutiple - Nacelles — Figure 143 compares the nacelle drag 
increment of a l>>engine swept-wing configuration to that of a 2-engine 
design both with small "D-Duct" nozzles (Ng) at several pressure ratios. 

As presented, the friction drag (ACoup) of the nacelles has been removed 
from the drag increment. Also shown is a drag level derived by taking 
one-half of the A-engine increment for comparison to the 2-engine version. 
At both of the representative pressure ratios, the data show that the 
drag does not scale proportionally with the number of engines with the 
2-engine configuration showing a higher relative interference drag than 
does the A-engine case. In the foregoing drag-due-to-l i ft data (Figures 
1lA and 117) it is seen that, while this penalty is larger for the A- 
engine version, it is not doubly so, as might be expected. Additionally, 
the drag build-ups provided in the same section show that, in general, 
the A-engine configuration reflects slightly lower turning angles than 
the 2-engine counterpart thus producing slightly less pressure drag. 
Further evidence of this difference is shown in Figure lAA,*<here the 
lift-due-to-blowing is presented for the two cases at H,, = 0.73. Except 
at the highest pressure ratio, the total lift of the A-engine config- 
uration is less than that of the 2-engine with the lift trend of the 
former showing intermittent attachment of the jet in the lower blowing 
range. Note that in these data, the A-engine case is producing twice as 
much thrust as its 2-engine counterpart. Although the jets are widely 
spaced, it is believed that the two jets, operating in close proximity 
to each other with exits at a constant x/c = 0.20, produce a mutual 
interference which tends to suppress jet attachment. Oil flow photo- 
graphs are not conclusive in this regard, a 1 though they generally show 
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Figure il»4 . Comparison of 1 1 ft-due-to-blowing for 2-eng. 

and 4-eng. configurations ”D-duct" nacelle, 
swept wing, M® - 0.73. 


211 












a slightly larger scrubbing footprint behind the single nacelle than do 
the photographs of the twin nacelle configuration. A conclusion basic 
to this study is that the interference drag does not necessarily scale 
in proportion to the number of USB-type engines and that any effective 
means of suppressing jet attachment will generally be beneficial to 
cruise performance drag. 

Effect of Nozzle Installation Height — In an effort to quantify drag 
trends as the nacelle is moved vertically from the wing-surface, the 
circular nacelle was tested in both an integrated (USB) - type model and 
a pylon-mounted (OTW) configuration. Results are shown in Figure 
across the test speed range; both pylon and nacelle drags are repre- 
sented in the data. The short-pylon configuration shows a lower drag 
coefficient than either the integrated (USB) or the long-pylon OTW 
configurat ion, although the drag difference in any case is not large. 

Since these tests were conducted on the straight wing, camber variations 
designed into the pylons for minimum load, were very slight. Oil-flow 
studies of the OTW designs indicated that the pylon intersection near 
the wing inboard leading-edge generated a vortex-type of flow which 
should be detrimental to the drag of these configurations. While attempts 
to modify this flow pattern were made through the use of wax fairings, it 
appeared that re-des ign of the pylon in both camber and, particularly, 
chordwise length, would be required to affect a major improvement in the 
flow. At the supercritical Mach number of 0.72, both pylon-configurations 
show a favorable trend in drag reflecting a more moderate drag-rise for 
the nacelle-on case than for the basic wing-body. The drag differences 
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Figure 145 . Effect of Mach number on drag for pylon-mounted OTW vs. 

integrated USB nacelle, straight wing with noz N 2 . 



shown at the lower speeds are due primarily to differences In drag-due- 
to-lift since scrubbing or jet pressure drag are essentially zero at the 
flow-through pressure ratio. At realistic nozzle pressure-ratios, these 
two drag components would need to be offset by a jet-induced improvement 
to the drag-due-to-l i ft component if the integrated nacelle is to remain 
the drag-equivalent of the OTW-design. These factors, together with the 
analytical and experimental results of References 5 and 6 Indicate some 
merit in additional studies for optimizing the OTW design as a possible 
cruise configuration. 
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k.O USB THEORETICAL MODEL 


4.1 INTRODUCTION 


The USB wing/nace1)e/propu1sive interactions are con^lex, not only in their 
viscous aspects* but also with regard to the potential flows involved. 
Theoretical studies have heretofore been aimed at improving understanding of 
potential flows with minimal representation of viscous effects. The over- 
all philosophy has been to implement the simplest realistic method for 
simulating the nacelle-environment and to embed in this a simplified model 
of the spreading Jet plume. The present studies represent an implementation 
of methods described in Reference 7 and» in the powered aspects, are some- 
what similar to the approach published in Reference 8. 

A large degree of realism In the model geometry was enforced by the fact 
that the present studies support an experimental program embodying thick 
airfoil sections which, with the exception of a single streamlined design, 
were fitted with arbitrarily-shaped nacelles. In order to develop proper 
force trends for such geoinetries, fairly elaborate panel layouts Had to be 
generated for both the wings and the nacelles. 

To place the present work in perspective, the background for power-effects 
modeling by present methods will be described in Section 4.2. Thick-wing 
representation and the effects of boundary layer development will then be 
discussed in Section 4.3 before considering finite-wing and power effects in 
subsequent sub-sections. 
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k.2 POWER EFFECTS MODELING: GENERAL PRINCIPLES 


The nnst fundamental aspect of powered-flow modeling concerns the simula- 
tion of flows of differing total pressure. Figure 1^6 illustrates, In 
vortex-modeling terms, the production of a total pressure jump across a fan 
situated in a long, constant-area duct, embedded in a "mainstream" flow of 
speed, Voo. The fan is situated on plane "A" and it is assumed that the 
duct exhausts at the ambient static pressure (p<») in a parallel manner. 

For this to happen, the ring vorticity to the right of "A" must convect at 
mainstream velocity plus its self-induced velocity, i.e., (Voo + y/ 2). 
Conditions downstream of the fan are thereby defined. Upstream of the fan, 
the absolute pressure is (p« - AP) , where AP («AH) is the pressure rise im- 
parted by the fan. An inward force on the duct wall Is also present which 
can only be generated If the ring vorticity there moves at less than its 
natural convection speed. This ring vorticity convection speed will now 
be determined. 

If is the convection speed of the vortex ring vorticity to the left of 
AA, the velocity of the flow passing over each element is (Voo + y/2 - V'[^) and 
the force, dF, experienced by an element of axial length dz is 

dF = p'y'oo+ j - Vr) y dz Rde 


or 


dF 

RdGdz 


p(yoo+j'yR) Y = Ap = AH 


(24) 
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We note that, if th<i convection speed W|^ equals the "natural" convection 
speed {\la> + y/2) there is no radial force. However, for the inlet air 


H - p« + j PV« 


while, downstream of the fan. 


H + AH 


Poo + j pVj^ 


so that 


AH « j p{Vj2 - V„2} (25) 

Equating (24) and (25) and substituting for y 

P (Voo + j (Vj > V„) - Vr) (Vj - Voo) = j p (Vj + V„) ( Vj - Voo) 
which yields 


Vr = 0. (26) 

Equation (26) shows that the vortex ring vorticity to the left of "A" is 
fixed to the nacelle wall. It has been shown that the ring vorticity to the 
right of AA is moving at a total velocity of {Vn + y/2) , so it follows that 
fan operation is represented in vortex terms by a continuous injection of 
ring vorticity from the blade tips. The downstream sheet-strength is the 
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same as the upstream strength; the instantaneous acceleration of the down* 
stream sheet, at the fan plane, gives rise to the total pressure juny> across 
the fan. 

In determining the effect, at some point in the flow, of a combined system 
of fixed and moving vortex elements, motion of particuiar elements does not 
affect the velocities they induce. The flow field just described may be 
"frozen" at a particular time once jet development reaches equilibrium 
(see below), and then steady-state conditions may be determined. The ring- 
vorticity injection plane around the fan tips is not "visible" under such 
condi t ions. 

Returning to the idealized nacelle of Figure 146, it will be noted that 
inflow is present through the upstream wall unless additional constraints 
are applied. Figure 147 shows how a vortex lattice may be used to provide 
appropriate constraints. Radial velocities, induced at the front of the 
vortex cylinder, give rise to intake thrust on the vortex lattice. 

A jet emergent coaxially with a freestream flow spreads and entrains main- 
stream fluid. A line sink down the jet ax'S is frequently used for the far- 
field effects, but this is too crude an approximation for the present study 
because of the ciose proximity to the USB wing surface. An acceptable 
alternative is an expanding, decreasing-strength ring vortex system tailored 
to conserve axial momentum while entraining mainstream fluid at a rate de- 
termined from standard results for axisymmetric jets. An approximate 
entrainment equation was obtained from results quoted in Reference 9. This 
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relates entrainment mass flow rate Am to axial position and vortex sheet 
strength. Thus, 


Am 

-E 


0.115 


{* -xe) TE 


( 2 ?) 


where subscript E refers to nacelle exit plane values and is the effective 
radius at the nacelie exit. If the jet mass flow, area and mean velocity are 
di, A and V (all functions of we may now write 


AgCl + 0.115 


Re Ve 


or 


, (x- xf) Ye . 

pAV » pAcVe (1 + 0.115 = ^ ) 

^ Re Ve 


( 28 ) 


For conservation of momentum 


pAV*^ = pA£V£^ in a free environment- 


(29) 


Substituting for V in (28) and rearranging yields 


A = = {1 0.115 ^ ^ 

Ae V- R Ve 


(30) 


Axial variation of vortex cylinder strength is then obtained from 
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i n free a i r 


(31) 


Y - V - V. 

where V * V ~ ^loCAL wing environment. (32) 

It will be noticed in Equations (28) and (29) that a constant* ambient- 
den‘.ity jet is assumed. This simplification implies that the major features 
of the flow are dominated by momentum effects and that shock cell patterns, 
for example, are of secondary importance; this may be questionable. 

Figure 148 shows an early example of streamlines generated using the above 
approach, with no vortex lattice elements present. The entrainment effect 
along the jet spreading region is very evident. Because continuous vortic- 
ity distributions are used to represent the jet surfaces, the nimierical 
problems encountered In disc'ete-ring solutions (e.g.. In Reference 9) do 
not occur. 

For conventionally mounted engines, some nacelle shaping is required to 
provide proper intake, fan and exit areas; but a good power representation 
may be obtained essentially as described above. However, for USB configu- 
rations, the jet emerges into the wing pressure field and interacts with it. 
This could be modeled kinematically using a perturbation scheme to calculate 
the distortion of vortex surfaces emergent from the nacelle exit and as they 
progress downstream. A similar scheme is applied to a jet- in-crossflow in 
Reference 9. However, the computer demands are heavy and such detailed 
modeling of the flow interaction was both inconsistent with several simplify- 
ing assumptions made here and is beyond the scope of the present work. Instead, 
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a simplified fixed geometry was prescribed, based upon the above model, but 
with geometric transformations applied to represent jet distortion due to 
impingement and with suitable modifications to jet sheet strength as dictated 
by the wing flow field. (See Equation (32).) 

Figure 149 shows a typical USB jet plume, reshaped to reflect impingement 
effects. The primary variable involved in this reshaping was the spreading 
angle in plan view. For the D-duct shown, flow visualization showed this 
to be approximately 30-degrees. A rectangular sheet at the trailing edge 
was assumed, with height defined by the above area requirements. In fairing 
the remainder of the plume, care was taken to accommodate nacelle boattail 
angles properly and to conform to the mass flow and momentum relationships 
established above. 

4.3 WING SECTIONAL AERODYNAMICS 
4.3.1 Pressure Distribution 

It is clearly very important to provide a good simulation of basic wing 
aerodynamics before any study of nacelle or power interaction is attempted. 
Development of the basic model falls into sectional and finite-wing stages. 
The sectional stages comprises two parts: simulation of airfoil character- 

istics by accepted, two-dimensional simulation and methods employing con- 
tinuous vorticity distributions and the adaption of vortex lattice methods 
to yield an equivalent result, thereby permitting an economical extension 
to three dimensions. 
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During a review of experimental data for the basic wing, it became apparent 
that theoreticai prediction of even the sectional pressure distributions is 
not straightforward. As is usualiy the case, application of the theory at 
the nominai incidence [Figure 150(a)] overestimated C|_ — in this case by 
a iarge margin. However, reduction in the incidence of the theoreticai 
modei to yieid the same net C(^ produced a compieteiy unrepresentative pres~ 
sure distribution [Figure 150(b)]. Contrary to experience with conventional 
airfoils, the effective aft chamber in the present case was so reduced by 
boundary layer thickening that a simple shift in incidence, to match C|., 
failed to produce an acceptably-shaped pressure distribution. 

Clearly, it would be possible to use an effective aft camber line, with less 
curvature, to provide a proper match. However, the philosophy was adopted 
that the theoretical model should remain simple so that real flow effects 
could be interpreted more readily. Complications to power effects esti- 
mation are also avoided if proper sections are maintained. 

Since the boundary layers over the front of the airfoil are thin, this 
region is amenable to matching. This assures that conditions at the nacelle- 
wing junction, at least, will be proper. Figure 150(c) shows the matched 
condition for a 2-degree experiment, which requires a 0-degree theoretical 
setting (Aa = -2°). A similar exercise, for a 1-degree experiment revealed 
that an a-shift of 1i-degrees was optimum. Ideally, therefore, the theoreti- 
cal a-shift should be made lift-dependent. However, this introduces unwanted 
(though not insuperable) difficulties in finite-wing calculations so a con- 
stant, 2-degree shift was therefore adopted. 
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Figure 150(b). Airfoil sectional characteristics 
— lift coefficient matched. 







In order to preserve nacelle orientation to the flow and to avoid misdirect- 
ing the jet flow, the above incidence shift v;as achieved by superimposing 
an appropriate downwash at each wing panel. This introduces a sectional 
drag term equal to • Act, where La ■ 2/57-3 radians. 

A. 3. 2 Sectional Forces 

Though the above procedure provides an acceptable match in leading edge 
pressure distribution over the desired range of Cj,, such a simple flow model 
clearly cannot match profile drag over a similar range. Figure 151 shows 
that the value of La used, 2-degrees, results in correct drag representation 
only at a CL-value of 0.36. Elsewhere, simple theory will be used to correct 
the three-dimensional results and provide the required drag increment, which 
is ACd - Cqq - Ci.Aa. ACq is added to calculated induced drag to give a 
total which includes allowance for sectional profile drag. 


4.i» FINITE-WING AERODYNAMICS 


Figure 152 shows the build-up of the straight, finite-wing lift curve using 
both vortex lattice and compressible aspect-ratio correction methods. The 
experimental curve is approximated much more closely in slope than conven- 
tional predictions might indicate. This is a result of reduced sectional 
lift curve slope inherent in the present sectional representation. Direct 
application of conventional aspect ratio corrections plus Gothert corrections 
for Mach number (which include aspect ratio) to the present two-dimensional 
lift curve slope yields a three-dimensional slope which agrees quite well 
with that given by the vortex lattice calculation. 
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An illustration of a corresponding drag polar analysis is given in Figure 
153> Curve (1) was calculated using a Trefftz-plane drag integration with 
2'degrees downwash applied as indicated above. As was mentioned previously, 
the use of this downwash introduces a drag term directly proportional to C£. 
This is removed by applying the corrections ACj (Figure 151) in a stripwise 
manner. The curvature of the corrected line, on the C|.~squared plot, Indi- 
cates some reouctlon in span efficiency as lift increases. 

k.S SURFACE PRESSURES OM THE nOO-TKROUGH hACFLlE 
4.$.1 Nace I le Representation 

Figure 15^ shows the final penei layout adopted for the D-duct nacelle, 
mounted on the straight, finite wing. Though the paneling is considerably 
coarser than the ideal, rjreful attention to detail has made possible a 
reasonable prediction of interaction effects. Particular care, was needed 
around the leading edge blend and in this region nacelle panels must join 
the wing surface approximately at right angles. 

The joining lint used between the wing and nacelle is the intersection of 
the basic shapes, with no filleting applied. This simple, first-cut approach 
is intended to highlight the important interactions in the blend region. 
Detailed 3~D modeling of shaped fillets should be the subject of future 
studies. 

Vortex lattice panels, rather than sources or doublets, were used to repre- 
sent the nacelle forebody, barrel and contraction regions because it was felt 
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Figure 153* Drag Polars for the straignt wing at 0.60 
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Panel details for D-duct nacelle and adjacent wing, 



important to represent forebody lift effects. While it is true that the 
nacelle lift is itself not large, its creation over a short span generates 
quite strong trailing vortices, vthich may have significant lift and drag 
redistribution effects. 

A shortcoming of us*ng only vortex lattice panels in the present application 
is that the faired-over nose of the experimental nacelles cannot be modeled 
directly. However, an appropriate retrospective correction is possible 
which removes unwanted inlet thrust. 

A possibly contentious feature of the representation is the removal of the 
wing upper surface where the nacelle overlaps it. Careful study of the 
present, single surface representation showed that, for continuity of ex- 
ternal surface pressures, wing upper surface bound vortex lines from each 
side of the nacelle must arch over the nacelle and nxjst not also pass be- 
neath it along wing generators. Early studies with the wing leading edge 
'hump* in place produced unacceptable results. Somewhat hesitantly, the 
hump was removed and a better representation was obtained. It is noteworthy 
that there were no upper surface pressure anomalies resulting from the free 
edge at the base of the nacelle exit. 

4 . 5.2 Nacelle Surface Pressures 

Due to thickness, outward suction with Cp in the range -1.0 to -1.5 is 
generated across the nacelle wall except near the intake and in the wing 
blend region (see Figure 155). Positive Cp's are evident on the first bay; 
implying external stagnation and a capture area greate- than the intake 


opening. 







Along the panels which blend with the wing (Row O) » the flow accelerates 
over the fore^nacelte in a typical manner, but then slows down as the wing 
leading edge is approached. There is then a reacceleration towards the 
crest of the wing. The latter effects are amplified near the wing surface 
because of high curvature in plan view at the unfaired intersection (see 
Figure 15^). 

At low angles of attack, the forward nacelle carries very little lift (see 
Figure 156), but moderate increases occur at higher angles. In the blend 
region (Figure 157) the nacelle boattail curvature causes lift to develop 
and the pressure distributions become quite complex. The increments in 
lift coefficient are not large, but their generation over a short span may 
lead to significant drag distributional changes which will be discussed 
later. Aft of the nacelle (bay 9) surprisingly little change is found from 
the datum, clean-wing condition. 

The lower part of Figure 156 shcn/s that the pressures developed on the 
inboard and outboard side of the nacelle are virtually identical, even at 
3-degrees angle of attack. The nacelle is therefore properly aligned in 
yaw and develops near-zero net side forece. 

1<.6 SURFACE PRESSURES FOR POWERED CASES 

As a prelude to the force-predi ct ion study (Section ^.7)* it is appropriate 
to review the predicted pressure distributions and compare these, where 
possible, with corresponding measurements . Reliable pressure measurennents 
are relatively few for the medium-sized ’*D-Duct'‘ (Nse) » on which most 
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Figure 156. Calculated forward-nacelle surface pressures 
flow through condition, H» « 0.60. 
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theoretical study has been carried out, being restricted to one or two 
angles of attack in the pressure testing. In this test the two-dimensional 
wing with the unmodified section was used. Pressure measurements are avail- 
able at three spanwise stations; one row is iocated on the nacelle center- 
plane ('A') and two are to the side of the nacelle ('B' and 'C'). On the, 
nacelle itself, pressures are available along the upper centerline only and 
extend as far forward as the wing leading edge. 

To provide a broader view of conditions on the wing and nacelle, theoretical 
predictions will be reviewed in their own right before comparing them with 
experimental data. 

1<.6.1 Predicted Effects of Angle-of-Attack and Pressure Ratio 

Figure 158 shows predicted pressure distributions on the clean wing at 
various angles of attack. The figure is included as a baseline case for 
comparison with later figures. It is noted that upper and lower surface 
pressures are approximately equal over the front half of the airfoil at 
a = 1 degree and the lift then carried in the aft region is a consequence 
of the camber there. 

The pressure distributions on the nacelle center plane, for nacelle N 3 ^ at 
the flow-through condition, are shown in Figure 159. Aft of the exit there 
remains a strong resemblance to clean wing pressure distributions though 
the lower surface profile is shifted forward somewhat. The nacelle itself 
experiences apparent suction Cp's on its upper and lower surfaces. It 
will be shown below that these may be attributed largely to positive inner 
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'igure 159. Predicted nacell e spine and wing surface pres sure 
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surface pressure changes generated by the internal flow. As angle of attack 
is increased, lift build-up on both nacelle and aft wing is apparent, though 
the percentage changes are not large. 

Figure l60 shows the result of applying power, at a constant, 1.8-pressure 
ratio, to the previous cases. There is a substantial amplification of the 
upper surface suction hump towards the rear of the wing, caused by jet 
turning. Just aft of the nozzle exit, p.trtial Impingement of the jet causes 
a pressure increase. It is noteworthy that angle-of-attack effects are 
small relative to power effects. Nacelle pressures are affected very little 
by power. 

Figure I6l is siriiilar to the previous figure, but shows the effect of 
inu asing the power setting at constant angle of attack. This brings out 
the power -dependent Increments quite clearly. Of these, the lower surface 
effects are unexpected and do not seem reasonable. It seems likely that 
these effects reflect a sparse-Iattice which would disappear if panel size 
was reduced. 


Figure 162(a) expresses the previous data in incremental form, using the 
clean wing as a base. It is interesting that small turning loads appear 
even at the flow-through pressure ratio; redirection of air flowing through 
the nacelle has evidently increased the mass flow adjacent to the surface. 

As a checking exercise, the standard power-unit/wing-vortex cylinder genera- 
tion procedure was implemented for tlie flow-through pressure ratio and applied 














































to the vortex lattice in the usual way. Though there were small systematic 
differences from the 1.25 pressure ratio results of Figure 162(a), their 
magnitudes were not significant. This demonstrated that the power effect 
modeling techniques were consistent at the flow-through condition. At the 
position of the row "C" pressure orifices, adjacent to the nacelle. Figure 
162(b) reflects an initial speed-up to the flow caused by nacelle displace- 
ment effects near the leading edge, followed by a pressure increase towards 
mid-chord. which is the lateral extension of the impingement region. Towards 
the trailing edge, suction increments again occur. These reflect not only 
carry-over from the central suction region, but also some limited direct 
effects where the spreading simulated Jet intersects the row "C" position. 

i<.6.2 Comparisons with Measured Surface Pressures 

Figure 163 shows that the theoretical surface predictions, described above, 
match the experimental data in the jet efflux region on the nacelle center- 
line quite well. The partial impingement and turning effects are well 
reproduced though there is no theoretical counterpart to the shock-cell 
effects which are evident at the highest pressure ratio. 

Predictions of pressures adjacent to the nacelle were less successful (see 
Figure l6^») . Towards the front of the section, predicted suction levels 
were less than thosi measured, possibly as a result of spurious power- 
induced flow changes between the upper and lower lattice surfaces. Towards 
the trailing edge, . ne addition of the powered nacelle to the clean wing 
changed the experimental pressure very little. However, the relatively 
large plan-view spreading angle used in the theoretical model, caused aft 
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suctions which were not found experimentally. With fine tuning, the theo- 
retical model could obviously be adjusted to remove the above deficiencies. 
However, such arbitrary changes to an already arbitrary model produce results 
of doubtful generality. It is considered that effort directed towards a 
system with jet boundaries determined as part of the solution would be more 
fruitful . 

Since the theoretical, thin-latt ice representat ion yields only a pressure 
difference across the nacelle wall, it is not possible to compare predic- 
tions with measured external pressures directly. However, if it is assumed 
that internal static pressure is constant across the duct, the pressure just 
inside the nacelle surface may be deduced from velocities at the nacelle 
centerline, which can be calculated with reasonable accuracy. Figure 165 
shows the results of calculations along the upper and lower ‘‘spines** of the 
nacelle upper and lower surface respectively while curve (3) shews the 
corresponding centerline pressure. On the above one-dimensional internal 
flow assumption, prediction of upper surface and lower surface pressures 
arc given by (l) minus (3) and (2) minus (3), respect ively. 

The estimated upper surface external pressure, (l) minus (3)> may now be 
compared with the measured pressure distribution, curve (ii) . The agreement 
between these two curves is good at the forward end, but the measured suc- 
tions are somewhat greater towards the nozzle e;;it. However, computation 
of internal pressures in this region »s uncertain because of internal flow 
turning. This provides a static pressure gradient across the internal flow 
in the correct sense to explain the observed small differences. 
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In sumntary, it appears th.u where measurements are available, the theoretical 
predictions agree quite well with measured pressures. Predictions in the 
impingement and turning regions and on the aft-nacelle agree particularily 
well with experiment. However, in its present configuration the jet model 
spreading angle is somewhat excessive and correlations along each s ide of the 
nacelle are affected adversely. "Fine tuning," to remove this effect, is 
not considered worthwhile 

4.7 DRAG ANALYSIS AND CORRELATION: FLOW-THROUGH CASES 

4.7.1 Analysis of Drag Distribution 

For unpcwjered cases, the drag distribution was found using conventional 
vortax lattice procedures. Figure I66 is a histogram of drag counts cal- 
culated at successive bays along the nacelle (see Figure 1 S 7 ) ■ The full 
line shows the drag distribution, along the nacelle, at a typical cruise 
angle of attack, with the nacelle carrying noticeable lift. T!iis total 
drag distribution may be split into nacelle shape-dependent and nacelle 
lift-dependent parts. 

We may define a nacelle shape-dependent drag distribution which occurs at 
the angle of attack for which the nacelle zero-lift line is aligned with 
the mainstream. For a particular 0 -duct nacelle (N3£) , this i^ a .ut minus 
2.5 degrees. The distribution of shape-dependent drag is : • jure 

166 by the broken line. There is a strong positive drag regi^ • lOrward, in 
the forebody stagnation region, followed by an even stronger th.ust region 
as the flow accelerates around the forebody. Up to bay 5 , mos* panels face 


253 



USB CRUISE PROGRAM 

FOREBODY BARREL BOATTAIL 



Figure 166. Computed drag count distribution along 
nacelle axis (Nacelle Surfaces Only). 
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forward, giving thrust where net suctions exist. However, aft of this 
(bays 6 to 8) , boattai) drop-away causes the suction on aft-facing panels 
to give the drag values shown. 

In the final analysis, when the large positive and large negative drag 
increments of tne broken line in Figure 166 are combined with appropriate 
ram drag and exit thrust corrections, it is found that the net drag incre- 
ment in the zero-nacel ie-i i ft condition is very small — as would be expected 
for a non-lifting body in potential flow. There is evidently very little 
net drag due to nacelle- induced effects at this condition. 

When the wing angle of attack is increased to a typical cruise value (full 
line. Figure 166) , a detailed study of drag increment distribution (Figure 
167) reveals decreased drag on the lower panels D2 to 8 and E2 to k (see 
Figure 157). Many of these panels face forward at a = 3°. However, on the 
remaining panels the effects of an increasing downwash field predominate 
and a-dependent drag effects are significant, particularly in the boattai 1 
region. 

The conclusion drawn from this part of the drag analysis is that, although 
strong opposing thrust and drag forces are generated on the nacelle by thick- 
ness effects, they have little if any resuitant, and it is nacelle lift 
which causes significant drag increments. This occurs predominantly in the 
boattai 1 region. 
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Figure l67. Drag build-up on nacelle surfaces, 0.60, a * 3.0“^. 
























































Figure 168 details the axial forces on the wing in the nacelle overlap 
region and aft of it. There are large opposing thrust and drag forces, but 
the net drag increment due to adding the nacelle is quite small. Though 
the nacelle and aft'wing experience high drag, wing sections each side of 
the nacelle experience strong thrust increments (see Figure 169). This is 
caused by upwash generated outboard of the nacelle trailing vortices. 

Because the spanwise distribution of the panels is sparse, the wing drag 
data may not be very accurate, but the trends should be correct. It is 
evident that, at the cruise angle of attack, the flow-through nacelle exerts 
a strong redistributional influence on drag. Though the generation of a 
narrowly spaced vortex pair over the nacelle causes large local drag on 
the boattail and on the wing downstream of it, complementary thrust forces 
are induced on aft surfaces each side of the nacelle in the upwash regions. 

It is evident that, in the spanwise summation as well as along the nacePe, 
the net drag force arises as a small difference between large opposing 
thrust and drag forces. 

k.J.l Correlation with Experiment 

Since the vortex lattice predictions are made using a flow-through nacelle, 
a correction is necessary to determine closed-forebody results for comparison 
with experiments. It is possible in principle to do this with a ram-drag 
correction, but it was found preferable to rely upon the fact that theoreti- 
cal forebody thickness drag, back to the barrel section, is zero and delete 
drag increments for the first three bays from the drag summation. This also 
removes any induced drag on the forebody. However, it was found that forebody 
contribution to drag is small in comparison with that in the boattail region. 
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Figure l69- Computed drag count distribution along 
semi *"span (A1 1 Surfaces) . 
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Figure 170 shows, in curve ( 1 ), the drag incremei! <os to adding flow through 
nacelle N 3 E to the clean wing. On correcting to the close '• ".ise condition, 
curve ( 2 ) is obtained, which may be compared with the expet . i*enta! data of 
curve (3)» Since the theoretical curve, (2), contains no allowance for skin 
friction, It should underpredict the drag increment. Cross reference to 
Section 3 . 3 . 3 . 2, in which skin friction estimates are made based upon the 
change in wetted area, shows that there should be approximately 20 to 23 
counts of skin friction for nacelle N 3 £. This agrees very -rell with the 
difference between curves (2) and (3) in Figure 1?0. 

4.8 DRAG ANALYSIS CORRELATION; POWER EFFECTS 
4.8.1 Analysis of Power Effects on r!te Wing 

It was found that a strai c'rtforward extension of the previous, conven*" ional 
vortex lattice methods to drag prediction in powered cases simpiy did not 
work. This was not unexpected, since it had already been deterr.'. ined in 
pressure distribution studies that it was necessary to rep: :ce the standard 
"pVr” approach by a "spread r" method in order to produce acceptable results. 
One reason his was that the lattice surface aft of the nacelle exit was 

fully immer'^i in the jet efflux and was, therefore, subjected to unrepre- 
sentitive v. jcities over the bound vortices. Various approaches were tried 
using surface velocities typical of the sheet edge, which corresponds to the 
real flow condition, but without success. The previous "spread T" Cp's 
were therefore used to determine power-dependent drag increments. 
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Figure 171 (a) shows typical Cp ~ y/c plots. The upper part of the figure, 
which is for the flow*through case, shows substantial leading edge thrust 
contributions and some lower surface thrust due to positive pressures just 
aft of the lower crest. Points corresponding to the upper and lower surface 
leading edges were joined by a straight line and no attempt was made to lo- 
cate the front stagnation point. While this procedure will obviously produce 
incorrect total drag integrals, its consistent use in comparison between 
powered and unpowered rases should produce acceptable incremental results. 

A similai rationale was employed at the trailing edge. 

Figures 171 (a) (lower part) and 171(b) show typical effects of adding power 
to the flow-through case. One of the more pronounced features is a sub- 
stantial, but incorrect, loss of leading edge thrust on both upper rid lower 
surfaces. This results from a power-induced decrease in leading edge suction, 
already ";oted in tie surface pressure correlation study. It appears that 
power effects have disturbed conditions within the airfoil and have thereby 
upset the gap tuning process described in Section 4.3. Though it may be 
possible in principle to overcome this difficulty, it was decided to omit 
the leading edge region when determining power- induced drag increments. 

A review of power-induced effects on the aft lowe. surface revealed that 
these are small, both in theoretical predictions and «xperimental ly. 
Accordingly, attention has been focussed cn the aft upper surface and upon 
the nacelle boattail region. 

For greater integrat i ->e accuracy, data such as those in Figure l/i 'were 
replotted as power- induced changes in pressure coefficient. Figure 172 
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Figure I/O. Drag Fncrements due to unpowered naceHe. 

















Figure 171(b). (Continued) Typical Cp plots for drag integration. 



(b) ROWS C AND A 
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Figure 172. Power- i nduced changes in wing pressure coefficients 



shows these changes for the aft upper surface at all spanwise staiions. 

Just as for the flow-through cases, the outer stations (0, E and F) experi- 
ence thrust. Though a thrust component appears at stations A and C, in the 
afc-facing impingement region, this is overshadowed by turning drag. Figure 
173 is derived from Figure 172 and shows that the majority of the wing 
experiences thrust. However, because of jet turning, the overall effect of 
power is to increase drag. 

Figure 17^* shows the resultant wing surface drag increments (full line) 
relative to the clean wing conditiof. as a function of blowing pressure ratio 
at typical angles of attack. As would be expected, drag increments increase 
with angle-of-at‘ ■'ck, due to increase in aft-facing area, and also with 
pressure ratio, as a consequence of the associated increase in jet-turning 
leads. 

The broken lines show the effect of adding power- induced aft-nacelle loads 
to the previous curve . Drag is reduced by an increasing amount as powei 
is inc \’sed as a result of forward propagation of impingement pressures 
acting upon the aft-facing boattail surface. 

'figures 175(a) through (e) show the varition of drag increments for the 
powered ncaelle, relative to clean wing, with a for a series of blowing 
pressure ratios. In all cases the theoretical and experimental curves are 
almost parallel, being separated by a residual drag increment which varies 
with Hj/pcinthe manner shown in Figure 176- Near to flow-through pressure 
rat'os, the residual drag can be identified readily with net nacelle skin 
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a - DEGREES 

Figure 175> (Continued) Comparison between predicted and 


measured drag increments for nacelle N3^ at 
M„ - 0.60. (b) Hj/p« = 1.60. 
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friction (see previous section). As jet pressure ratio is increased, 
scrubbing drag on ttw wing surface increases up to the critical pressure 
ratio. This is reflected in Figure 176 and the increase bett<een Hj/p«'s of 
1.4 and 1.8 appears reasonable in this regard. Beyond Hj/p«of 1 .8, as the 
nozzle floM goes supercritical, the residual drag increment decreases, 
inspection of the relevant pressure plots shows that jet turning is reduced 
under these conditions, which may be attributable to shock* i nduced separa- 
tion of the jet from the wing surface. 

It may be concluded that, up to critical jet pressure ratios, the prediction 
of drag increment is remarkably accurate and suitable additions for nacelle 
skin friction and for jet scrubbing drag will produce results which corre- 
late well with experiment. 

4.9 LIFT ANALYSIS AND CORRELATION 
4.9.1 Vortex Lattice Results 

Lift increments, due to adding the powered nacelle N3£ to the clean wing, 
were generally small, with values up to O.O6 at Hj/pa>= 2.?. . The net effect 
again arose as the difference between large positive and negative forces. 
Positive lift increments arose predominantly in the nacelle boattail region 
and, with power applied, in the turning region towards the wing trailing 
edge aft of the nacelle. Download occurred in the inpingement region just 
aft of the nacelle exit plane and to each side of this. 


H 
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Cotnparisons between measured and vortex'latt ice-predicted lift increments 
showed good agreement in trends with angle-of-attack, but the theory was 
almost totally unresponsive to change in pressure ratio. An almost unique 
curve of &C|, versus a was produced by the theory, corresponding to an experi- 
mental pressure ratio of roughly 1.6. Further investigation showed that 
predicted impingement pressures, which correlated well aft of the jet exit, 
propagated sideways and produced more download each side of the nacelle 
position than was indicated by pressure measurements. This excessive down- 
load evidently nullified positive lift increments from the boattail and 
turning regie ts. Since the anomaly occured in a region inhere the wing sur- 
face was approximately horizontal, drag predictions were affected very little. 

It is evident that, by using a finer spanwise grid in the theory and with 
some fine tuning of the jet model, better correlation with experimental 
lift measurements could be obtained. However, a parallel study using jet 
flap theory produced good lift predictions more readily (see below), though 
the corresponding drag predictions were unreliable. 

i|.9.2 Simplified Jet Flap Theory 

Basic jet-^iap theory, applied to various degrees of sophistication, has 
generally provided a thread of commonality for the theoretical treatment of 
most interactive aeropropuisive systems. The theory has been particularly 
effective for representing powered systems (USB, augmentor wings, EBF, etc.) 
operating in the low-speed, high-lift mode. The application of the theory 
to the limited-span interactive powered system, operating in the compressible- 
flow cruise regime has received only limited attention. In the interest of 
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developing quick analysis techniques for representing the generalized aero- 
propulsive system at cruise, correlations have been performed betvieen USB 
high-speed test results and the two-dimensional jet-flap theory of Spence 
(Reference 11) modified for finite aspect ratio, part-span blowing, and 
compressibility effects. 

The following terms will be used in addition to the usual terminology: 

incompressible, three-dimensional lift coefficient 
rate of change of local C^, with (see Eq. 36) 

2-0 lift curve slope (see Eq. 38) 
airplane thrust coefficient = T/q Sm 
local (20) momentum coefficient 

finite-wing, aspect-ratio correction function (see Eq. 3*») 
blown area 

part-span factor for C£^ (see Eq. 37) 
part-span factor for Ci^ (see Eq. 35) 

In Reference 12, it is shown that 

CL|nc = ^ (l+t/c)(X Cjig A«+y Aa] - t/c Cj (A6 +Aa) (33) 


*'L|HC 

Ct 

Cp 

F 

S' 

V 

X 


where 


AR + 2 CyA 

“ AR + 2+0.60A 1-0.876 


(3A) 
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X 

(3S) 

Cy (1 ♦0.151 Cpl/2 +0.139 Cy)]l /2 

( 36 ) 

Si - (Sw - s*)(ct„)c„ . 0 

(37) 

C,^ - 2. 0+0.151 +0.219 C„) 

(38) 


A further modification is necessary to adapt the calculation to the Hach 
range of interest (0.6 < H» < 0.8); this subject is dealt with in References 
13 and 14. Employing the modification suggested by Reference 13 along with 
standard Prandtl -Glauert similarity corrections, the compressible lift 
becomes 




= F 


(1+^)[X C 
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M. 
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Aa -i 
0 ^ " 


t/c 
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/ Aa A6\ 
' 60 ^ 


(39) 


and Cjj and AR In equations (3^) , (36) and ( 38 ) are replaced by 6 and 
B AR, respectively. A corresponding equation for the compressible fiow 
pitching moment of a system with limited span blowing can be obtained by 
similar substitutions into the basic equations of Reference 12. 


A. 9 . 3 Correlation by Simplified Jet-Flap Theory 


Figures 177 through I 80 compare the total lift coefficient as calculated 
by the foregoing expression, to test results obtained for various USB-nozzle 
shapes, angles-of-attack and nozzle pressure ratios at the drag-rise Mach 
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Figure 178. Comparison of USB test results with modified 
jet-flap theory, noz N 3 ^ AR = 2.5, = 0.68. 









number (Mee * 0.68). Figures l8l and 182 show example correlations of the 
computed pitching-moments with those derived from tests of the semi-span, 
powered model, also at Mcd * 0.68. In both calculations, two-dimensional 
wing test results at Mach number were used to evaluate the viscous (2-0) 
(2-0) parameters to be used in lieu of the purely potential flow 
values; this procedure, in effect, establishes the three-dimensional lift 
and moment coefficients at the nozzle flow-through condition. The compari- 
sons show that the lift and moment increments due to the limited span blowing 
typifying a USB-instal lation are accurately predicted by the simplified jet 
flap theory across the blowing range. While the agreement is gratifying, 
of more importance are the several facts brought out by the correlation. 

An earlier analysis of the USB -pressure test results indicated that jet- 
induced lift and drag increments (as integrated across the scrubbed area) 
corresponded to a much higher Jet-turning angle at the wind-on condition 
than had been found from static tests of the system. Typically, the static 
jet turning angle for a "0-duct nozzle would be about k degrees while the 
wing-on pressure data indicated an increase to 15“l6 degrees (i.e., within 
several degrees of the trai I ing-edge angle of the airfoil upper surface, 

6te “ 17°). The foregoing correlations of lift and pitching moment were 
obtained only when the assumed jet angle closely approached that of the wing 
trai 1 ing-edge regardless of the shape, this was often contrary to the observed 
static performance. The thickest jet (i.e., that from the circular nozzle) 
does show in Figure 177 a tendency to separate from the wing surface at low 
angles of attack where the pressure change (aP) across the Jet, due to wing- 
flow is small. Figure 177 also shows that for a = 1.0 degree, the lift with 
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Figure 181 . Comparison of USB test results with modified 
jet-flap theory, noz N 3 £, AR = 2.5, M«, = 0.68. 


-.16 -.12 -.08 -.04 0 +.04 

Figure 182. Comparison of USB test results with nx)dified 
jet-flap theory, noz Ni,£, AR = ^, M,„ = 0.68. 



the circular nozzle correlates best with a jet angle of 6 degrees whereas 
In the cruise range of a « the wing trailing edge angle of 17° Is 

gradually approached by the turning jet. The observed static turning angle 
with this nozzle (I.e., circular) was essentially zero. It Is this apparent 
change In angle that probably accounts for an observed Increase In pressure 
drag at wInd-on conditions (from Integrated pressure measurements) for 
either USB-type configurations or for that matter, a pure-jet-f lap system. 

In the latter case, the wInd-on pressure drag results primarily from flow 
entrainment Into the tral I ing-edge jet, while for the USB, It Is effectively 
an Induced turning of the jet by the wing flow-field at the cruise lift 
coefficient. 

h.S.k Correlation by Lifting Line Theory 

The data correlations discussed above have been extended via a computer 
program developed by Lockheed-Georgla for Aerospace Research Lab (Reference 
|I»). This program, as referenced, utilizes the mechanical flap analogy to 
predict jet-flap wing/body performance in essentially the Incompressible, 
high-lift mode. The compressible case has, for present purposes, been 
treated In much the same fashion as the simplified jet-flap calculations 
above by transforming the input geometry of the configuration by the tran- 
sonic similarity parameters (i.e., BAR, ^ Cj, etc.). Figures I83 

P P 

through I85 show the excellent correlation achieved by this rather simple 
program modification to predict USB total lift coefficient at Mop = 0.68 as 
a function of nozzle pressure ratio and exit aspect ratio. As in the modi- 
fied 2-D approach, the best data match is obtained when the input jet angle 
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Figure l8S. Compjiison v't USB test results with three 
ilimcnsion.ll 1 i 1 1 iiui* I ine theorv, no? N;,. 
AR ■ 6, Kv ■ 0.68. 



equals the wing trail ing-edge angle of 17 degrees (again, contrary to ''he 
static test tesults). 

From the foregoing correlation studies, it appears that the present USB test 
configurations operate essentially as a limited-span Jet flap, at least from 
the standpoints of lift and pitching-moment. Effects of compressibility on 
lift performance is adequately portrayed by jet flap theory up to the 
moderate drag- rise Mach numbers of the subject designs. Design for higher 
Hach numbers, or operation well into the drag-rise, may produce effects 
detrimental to the good correlation achieved in the present study. 

Additional experimental/analytical work in this area is needed. 
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S.o CONCLUSIONS - TASK M 


As a result of a detailed experlmental/analytical program for the study of 
the upper-surface-blowing concept, a number of significant conclusions may 
be identified. Such conclusions, however, must reflect the "data-base" 
nature of the experimental work i.i which relatively unrefined models and a 
broadly-spaced test matrix were necessary features. Within these constraints, 
it is believed that the aerodynamic and geometric trends developed have 
general applicability; this has been the major objective of Task II. With 
particular regard for the levels of cruise drag portrayed, ultimate levels 
of USB-cruise performance, obtained through more highly refined design pro- 
cesses, are not necessarily represented by the present data. 

5.1 EXPERIMENTAL PROGRAM 

1. In the unrefined state, the total drag penalty of typical USB-nacelle 
configurations, under transonic-cruise, powered conditions, can be exception- 
ally high by current standards. 

2. The major drag producing phenomena in the general case, appears to be 

o a jet-scrubbing effect on the aft-wing surface 
c the conventional aerodynamic friction drag of the nacelle/ 
nozzle and associated external hardware 
0 a pressure-drag component representing deflection of the jet 
over the aft-wing surface 

0 a drag-due-to- 1 i f t component inclusive of all lift-related 
transonic phenomena under powered model conditions 
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0 a potential drag penalty- reflecting excessive nozzle 
boattail angles which promote local flow separation. 

3. The major drag components are generally identifiable by force and 
surface''pressure measurements of powered models tested under both static 
and wind~on conditions. 

4. Scrubbing losses tend to increase with nozzle two-dimensionality 
(i e. with measuring aspect ratio) and nozzle pressure ratio. 

5. Pressure drag, tending to increase with nozzle width, aft-wing camber, 
angle-of-attack. and nozzle pressure-ratio can be moderated by the Jet shock 
formations at high nozzle pressure ratios. 

6. Highly three-dimensional Jets, such as a circular shape, show significant 
amounts of pressure drag at cruise conditions. 

7. For moderate nozzle aspect ratios, jet deflection by the aft wing appears 
to be within several degrees less than that of the wing upper-surface at the 
tra i 1 i ng-edge. 

8. Total lift performance at constant angle-of-attack is improved by in- 
creasing nozzle exit aspect ratio — typical values at a nozzle pressure 
ratio of 3-0 are AC[_ = -03 for a circular nozzle and about AC|_ == 0.10 for 
an aspect ratio 6.0 nozzle. 

9. A semi-circular ("D-Ouct") nozzle (AR = 2.5) represents a reasonable 
compromise between good cruise and potent iai ly-favorable high-lift performance. 
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10. Nozzle boattail angles in excess of about 25 degrees may cause signifi- 
cant drag penalties due to local flow separation. 


11. On a multi-jet configuration with nacelles spaced 1.6 0. apart, both 
lift and drag increments due to blowing were diminished by an apparent 
mutual interference between jets. 

12. At a flow-through pressure ratio, and at sub-critical Mach numbers, a 
fai red-over forebc'y nacelle showed essentially the same drag penalty as 
that of a flow-through type of forebody. 

13 . Cruise drag penalties associated with a pylon-mounted (OTW) nacelle 
positioned one-half nozzle diameter above the wing surface, compared favor 
able with a surface-integrated USB-type arrangement under similar test 
conditions. 

14. A small streamlined USB-nacelle, integrated with a straight wing-body 
combination, showed favorable drag due-to-lift performance when compared 
to that of a symmetrical design; the effect of streamlining on the total 
cruise drag penalty showed only a modest benefit due, it is believed, to 
the straight-wing installation. 

5.2 THEORETICAL PROGRAM 

The USB wing/nacelle/propulsive interactions are complex not only in their 
viscous aspects, but also with regard to the viscous flows involved. 
Theoretical studies have, therefore, been aimed at understanding the 
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potential flows with minimal representation of viscous effects. The over- 
all philosophy has been to implement the simplest realistic method for 
simulating the nacelle environment and to embed in this a simplified model 
of the spreading jet plume. 

5.2.1 Vortex Lattice Studies 

A major effort has been directed towards a vortex lattice representation 
of the wing/nacelle combination, with sufficient detail to permit compari- 
sons with surface pressure measurements. A power effects package was de- 
veloped, for use with the vortex lattice, which comprises vorticity panels 
which model the jet surface and simulate both its trajectory and its changing 
cross section. Compressibility effects for the complete model were simulated 
via geometric transformation according to Gothert's rule. 

The vortex lattice study, which was restricted to the N3E 'D-duct* nacelle 
at M s 0.60, leads to the following conclusions: 

1. Where experimental surface pressure measurements were available (i.e., 
in the scrubbed region, In the aft part of the boattail and on sections just 
inboard and just outboard of the nacel ie), there was generally good correla- 
tion between vortex lattice predictions and measured surface pressure 
coefficients. The correlation was particularly good in the impingement and 
turning regions. Some differences were noted for supercritical pressure 
ratios (the theory was for Mjej < 1) and In small regions inboard and outboard 
of the nacelle location where the theoretical jet spreading angle was too 
large towards the trailing edge. 
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2. Lift increments in the scrubbed region ^re small. Upload due to Jet 
turning is almost entirely offset by download In the impingement region. 
However, there is an adverse effect on drag because of wing surface curvature. 
This causes the aft facing, suction area in the turning region to be several 
times greater than the aft facing area in the impingement region and signifi- 
cant net pressure drag results. 

3. -Drag increments occur as relatively small differences between opposing 
thrust and drag forces both along the nacelle and across the wing span. 

Large drag forces within the nacelle span are offset to a significant degree 
by thrust to each side. This redistribution effect is largely associated 
with upwash and downwash induced by a vortex pair which springs from the 
lifting region on the nacelle boattail. 

4. Correlation between the theoretical drag predictions and experiment 
shows differences which are largely independent of a, but which vary with 
pressure ratio. At flow-through, this difference agrees well with independ- 
ent estimates of nacelle skin friction. Thereafter, the difference increases 
with Hj/pcoata rate consistent with estimated jet scrubbing drag effects. At 
supercritical pressure ratios this trend reverses, possibly due to reduced 
aft-suction and reduced scrubbing when shocks in the jet reduce its ability 
to turn. 

5.2.2 Applications of Jet Flap Theory 

The two-dimensional jet flap theory of Spence was empirically modified by 
McCormick for application to finite-span models in Incompressible flows. In 
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the interest of providing quick, overall estimates of USB performance over 
a range of nacelle nozzle configurations at cruise, the Spence/McCormlck 
method has been further modified, as described herein, to include compress* 
ibility corrections. For present purposes the resulting procedure has been 
designated "Simplified Jet*Flap Theory". 

In a further approach, .which also relies upon jet flap theory. Holmes et al 
use a three-dimensional, lifting line program in which the computation of 
finite span effects is less empirical. This existing program was also 
applied to selected USB configurations. 

The conclusions of the above studies are as follows: 

1. Both the simplified Jet flap theory and the lifting line theory give 
good predictions of lift increments for nozzle configurations ranging from 
circular to aspect-ratio four. To achieve this correlation it was necessary 
to employ jet deflection angles, which approached the upper surface trailing 
edge angle, in conjunction with measured values of wing sectional lift curve 
slope. 

2. The simplified Jet flap theory also predicted pitching moment increments 
well for the cases tried, namely the D-duct and aspect-ratio four nozzles. 

3- Neither method predicted drag increments which correlated consistently 
with experiment. 
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6.0 COMPATABIUTY STUDIES — TASK III 


Under the baste Proaram Plan (Reference 16), the sequence of detailed in- 
vestigations of the USB-concept called for. first, an extensive experimental 
investigation employing geometric variations in the nacelle design. Secondly, 
a candidate nacelle would be selected from the experimental results around 
which more detailed, systems-or iented studies would be performed. Thirdly, 
a wind-tunnel test would investigate the low-speed, high-lift performance 
of the candidate nacelle as integrated with the aircraft high-lift system. 

The effort associated with steps 2 and 3 above are denoted as the Task III — 
Compatabi 1 ity Study. In this phase of the contractual effort, the aero- 
dynamic studies are closely combined with the companion acoustics program 
(NASl- 13870 , Noise Characteristics of Upper Surface Blown Configurations) 
for evaluating USB as applied to a commercial transport design. The 
Appendix of this document details the aerodynamic nacelle selection process, 
the aerodynamic/acoustics design compromises and the transport configuration 
evolving from these combined studies. Conclusions are drawn as appropriate. 
The second half of the aerodynamic Task III effort, an experimental study of 
the high-lift characteristics of the selected system, is contained in Volume 
II (D). 
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APPENDIX 


COMPATIBILITY STUDY 


A. P. Pennock and J. P. Hancock 

To Investigate the compatibility of USB/OTW nacelle installations with 
advanced transport aircraft, a detailed design feasibility study was per* 
formed based on aircraft developed in the NASA short-haul studies of 
References A-t through A-4. Accomplishment of the study required the 
following three steps: 

° Selection of a suitable mission and definition of the associated 
basel ine aircraft. 

® Determination of the effects of perturbations from the baseline 
and selection of a final configuration. 

® Establishment of the design feasibility of the final configuration. 

Throughout the study the basic goals of (l) cruise drag competitive with 

that of conventional installations, (2) satisfactory short-field character- 

2 2 

istics, and (3) a 90 EPNdB noise footprint area of 2.59 km^ (l s.m.^) were 
kept In mind. 


1.0 AIRCRAFT PERFORMANCE REOUl REMENTS 

The principal operating requirements considered in this phase of the in- 
vestigation were the stage length, field length, and cruise Mach number. 
The nacelle drag levels were high enough to indicate that the ana lysis 
should concentrate on short-range and medium-range missions. These were 
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selected to be 805 km (500 n.m.) and 2k\k km (1500 n.m.) respectively. 
The design field lengths chosen were 610 m (2000 ft) for the short-haul 
aircraft and 1219 <n (^tOOO ft) for the medium-haul aircraft. The design 
payioad was set at 1A8 passengers, a break point above which more cabin 
attendants are required under FAA reguiations. 

2.0 CANDIDATE ENGINES AND AIRCRAFT 


The engines used in the analysis were the Ail I son PO-287-11, with a design 
fan pressure ratio of 1.35, and the Generai Eiectric CFH56, with a design 
fan pressure ratio of 1.47. The PD-287-11 is a study engine developed in 
the program that led to the Quiet Ciean STOL Experimental Engine (QCSEE). 

The CFM 56 is a current engine now undergoing test. A lower fan pressure 
ratio results in a quieter, but sometimes heavier and more expensive, air- 
craft and vice versa. The tradeoff between noise and cost was determined 
at both stage iengths by designing aircraft around each of the two engines. 

Drag considerations and preliminary sensitivity studies led to the choice 
of nacelle configurations. The two types considered were (t) USB integrated 
nacelles and (2) OTW pylon-mounted configurations. 

For >•'. USB integrated nacelles, a range of different nozzle types was 
examined. The sensitivity of a seiected short-haul aircraft to the Irag 
and weight characteristics of the different nozzle types was examined across 
a range of nozzle pressure ratios. Of the configurations examined, the D- 
duct nozzles resulted in the lowest ramp weight penalties, as shown in 
Figure A-1. It was also true that these minimum penalties were experienced 
at the lowest pressure ratios tested. Thus, among the integrated nacelles, 
the choice of the D-duct was clear cut. 
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Although the drag of the pylon-mounted configurations was not i>*easured 
directly under power, it was measured for the flow-through case. A compari- 
son of the integrated 0-duct versus short and long pylon-mounted nacelle 
configurations is shown in Figure A-2 for the flow-through pressure ratio. 
Here the short pylon shows significantly lower drag, while the long pylon 
nacelle drag is slightly higher thati for the integrated. The drag penalty 
due to power is expected to be lower for the pylon-mounted nacelles because 
there is no scrubbing. Based on these results, the short pylon-mounted 
nacelle was chosen for installation in the second study aircraft. 

Since the best integrated nacelle ^ad a higher drag level than the short 
pylon configuration, it was decided to employ the D-duct for the 805 km 
(SOO n.m.) mission. It then followed that the short pylon nacelle would 
be used on the 2k\k km (1500 n.m.) mission. 


Aircraft weight and cost usually increase with cruise Hach number, but it 
was not clear how strong the effect of Mach number would be on these air- 
craft. The basic combinations - short range/1.35 fan pressure ratio/ 
integrateu nacelle and medium range/1.47 fan pressure ratio/pylon-mounted 
nacelle - were therefore run at 0.70, 0.75, and 0.80 cruise Mach numbers. 


The matrix of eight aircraft that evolved from the factors just discussed 
and was used in the analyses is shown below: 


Ai rcraf t No. 

No. of Passengers 
Stage Length, km (n.m.) 
Field Length, m (ft) 

Fan Pressure Ratio 
Nacel le Type 
Cruise Mach No. 


12 3 4 


5 6 7 8 


148 

805 ( 500 ) - 
610(2000) 
1.35 


1.47 


2414(1500) 
1214(4000) 
1.47 


1.35 


Integrated •- 

0.70 0.75 0.80 0.75 


Pylon-mounted ► 

0.70 0.75 0.80 0.70 


I 



3.0 ANALYSIS 


The analysis used computer programs » data bases* and experience developed 
during Lockheed's three-year study of short-haul transportation systems for 
NASA* reported in References A-1 through A-A. The sequence of operations 
was as follows: 

1. An airport performance program was used to determine the wing loading 
and thrust loading needed to meet the takeoff and landing field length 
requirements. USB high-lift system characteristics developed in the 
short-haul work were used. These characteristics* drawn largely from 
tests conducted in the Questol program, which led to the Quiet STOL 
Research Aircraft (QSRA) competition* are based ot the use of a large 
flap of moderate deflection with a final segment* blown at the knee* 
that can be further deflected as needed. The airport performance pro- 
gram also provided takeoff and landing flight paths and landing thrust 
settings and flap settings for use in calculating noise. 

2. Aerodynamic parameters such as wing aspect ratio* sweep angle* taper 
ratio* thickness ratio* etc.* were selected on the basis of optimi- 
zation studies conducted under the short-haul transportat ion system 
contracts. Two-engine aircraft were chosen for the medium-range mission 
to reduce the takeoff noise footprint area. A two-engine aircraft re- 
quires more total thrust than a four-engine* but the steeper climbout 
angle more than compensates for the added thrust when footprint area is 
the criterion. A two-engine design may also be marginal at the short 
landing field length associated with the short-range mission. Highly 
deflected landing flaps are needed to get the aircraft into the short 
field, and their drag is such that the installed thrust required to 





handle an engine-out go-around can become excessive. Four-engine 
aircraft were therefore used for the short-haul m lon. 

3. The aircraft thus defined were run through their missions in the general 
aircraft sizing program (GASP)» with the performance curves of the se- 
lected engine, to determine the component sizes and weights needed to 
meet the requirements. GASP converges to the required combination of 
engine size, wing area, and mission fuel, calculating the drag, weight, 
and size of each major component and system of the aircraft as It does. 
It also calculates procurement and operating costs. The cost equations 
were not updated for the present analysis, but are indicative of rela- 
tive magnitudes. 

Nacelle drag coefficients were input to GASP as a function of aircraft 
lift coefficient and were based on the design nozzle pressure ratios of 
the study engines. Drag values used were actual test data from the USB 
cruise performance program reported In Reference A-5. They were modi- 
fied for scale effect and corrected for the difference in wing aspect 
ratio between the test model and the full-scale study aircraft. 

4. The noise levels and footprint areas of the resulting aircraft were 
calculated using the noise prediction progr-'m described in Section 6 
of this volume. 


4.0 RESULTS 

The salient characteristics of the eight aircraft analyzed in the baseline 
selection phase are listed in Table A-1. Cost, weight, and noise compari- 
sons are presented in Figures A -3 through A- 5 . It can be seen In Figure A-3 



that neither procurement cost nor direct operating cost (DOC) are strongly 
affected by the mission variables; a factor of 1.2 covers the spread be* 
tvmen the highest and lowest values of both costs. 

Ramp weight shows more overall variation, primarily because the mediuar 
haul mission requires considerably more fuel, and thus a larger aircraft, 
than the short-haul mission. One interesting feature of the weight com- 
parison is that aircraft 2, designed for Mach 0.75> is slightly lighter 
than aircraft 1, which is designed for Mach 0.70. There are two reasons 
for this. First, the field length requirement is so stringent that the 
engine size is set by takeoff requirements; as it turns out, the result- 
ing engine size is better matched to Mach 0.75 that to Mach 0.70 cruise. 
Second, nacelle drag is very sensitive to lift coefficient at the lower 
wing loadings. Since the cruise lift coefficient for the Mach 0.75 air- 
plane is slightly lower than for Mach 0.70, the drag coefficient is also 
lower. It is possible that further optimization of the wing would elimi- 
nate the weight minimum at 0.75 cruise Mach number. 

Noise shows the largest variation among the parameters shown. Takeoff 
noise levels are dictated primarily by the choice of engine, as can be 
seen from the following table. 


Fan Pressure Ratio 

1.35 

1.47 

Aircraft Nos. 

1-3,8 

4-7 

Range of Values - 



2 

Takeoff Footprint, Km 

3-4 

10-17 

Takeoff Flyover, EPNdB 

83-86 

89-96 

Takeoff Sideline, EPNdB 

99-101 

106-107 


Landing noise is more a function of field length. The shorter field re- 
quires highly deflected flaps and substantial thrust settings (38-46%) 
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during approach, while the flap deflections are much lower and the thrust 
settings are only 12**24% with the longer field. Thus the 1.47 fan pres** 
sure ratio aircraft at the shorter field length (aircraft 4) has the high- 
est approach flyover measurement point noise (99 EPNdB) and the only appre- 
ciable landing footprint. Otherwise the landing footprints are negligible 
and the approach flyover noise levels are all in the range of 91*95 EPNdB. 

The effect of design cruise Hach number is fairly small at either stage 
length. Weight, cost and noise generally increase with Hach nwnber along 
an accelerating curve, with little difference between 0.70 and 0.75 H and 
somewhat more increase at 0.80 H. 

5.0 BASELINE AIRCRAFT SELECTION 


The 1.47 fen pressure ratio aircraft (4-7) were ruled out as baselines be- 
cause of their noise. It appears from Figure A-S that a fan pressure ratio 
of about 1.35 is required to meet the 90 EPNdB total footprint area goal of 
2.59 km^ (1 s.m.^). 

The study showed that satisfactory aircraft could be designed with true 
USB nacelles (aircraft 1-3)- It was therefore decided to eliminate air- 
craft 8 with its pylon-mounted nacelle. This left a choice to be made 
between the three cruise Mach numbers represented by aircraft 1-3. The 
differences between aircraft 2, at 0.75 H, and aircraft 1, at 0.70 M, are 
minor. Aircraft 3, at 0.80 M, is soniewhat poorer than the other two on 
all counts, and the time saved by its extra speed is small at the 805 km 
(500 n.m.) range - four minutes, compared to the 0.75 M aircraft, if the 
full 805 km is covered at design cruise speed. Aircraft 2 was therefore 
selected as the baseline design. 



6.0 PERTURBATION STUDIES 


With a baseline design selected, the effects of perturbations of aircraft 
variables which affect performance and noise were investigated. The cruise 
performance parameters varied were nozzle boattail angle, aspect ratio, rei- 
ative size, and discharge position. Parameters affecting noise that were 
varied were nozzle aspect ratio and impingement angle on the wing, flap 
extension, deflection, and radius of curvature, fan duct noise treatment, 
and total noise source strength. Each parameter was varied individually 
while holding the others constant. In addition, for the noise studies, 
the effects of a long-chord flap combined with changes in nozzle aspect 
ratio and fan duct noise treatment were determined. Only takeoff footprint 
area and takeoff measurement point flyover noise were considered in this 
study. 

6.1 CRUISE PERFORMANCE 

Using force test results, the effects of the various nozzle geometric para- 
meters were examined across a wide range of thrust coefficients. Perform- 
ance data for the straight and swept wings were evaluated at the appropri- 
ate drag divergence Mach numbers of 0.68 and 0.73 respectively. The 
criterion for evaluation was total nacelle interference drag, ACp which 
is the sum of the nacelle aerodynamic drag, scrubbing drag, and vectoring, 
less nacelle skin friction drag. 

Results from the evaluation of boattail angle effects are presented in Fig- 
ure A-6(A) for thrust coefficients {Cj*s) . anginal from 0.04 to 0.12. The 
approximate corresponding range of pressure ratio is 1.6 to 2.9* Two dis- 
tinctly different trends are apparent. In the subcritical range of pressure 
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ratios considerably greater tolerance to boattail angle is evident. Here 
little or no drag penalty is experienced until the boattail angle reaches 
25° or more. At supercritical pressure ratios, on the other hand, a neatly 
defined optimum occurs at around 15*18^ and the drag increments rise sharp- 
ly above those values. Since most transports cruise in the critical-to- 
supercritical range, good design practive Mill call for holding boattail 
angles to less than 20°. 

Nacelle drag increments as a function of nozzle pressure ratio are shown 
!n Figure A-6(B). Except for the lowest pressure ratio examined, a definite 
perference was indicated for the D-duct (AR > 2.5). At the pressure ratios 
of greatest interest, i.e. 1.9 to 2.6, a 22 to 30^ drag reduction is shown 
relative to the circular nozzle. Next to the 0-duct, the nozzle with AR « 6 
appeared to have the lowest drag increment, although it is not clear why 
this is so. The advantage shown over an aspect ratio of 4 is relatively 
smal I . 

To determine the effect cf size, two nozzles which were identical except 
for size were selected from the cruise performance program matrix. These 
were nozzle Nj^, with c * 24, and nozzle Nj 2 , with c /A^^ * 48, where c 
is the wing chord and is the nozzle area. (These nozzles and others 
referred to below are defined in Reference A-5.) Evaluation of the drags 
of these nozzles at various pressure ratios resulted in the curves shown 
in Figure A-6(C). Surprisingly, the data show that as the nacelle gets 
smaller, the drag coefficient i;.3sad on nacelle frontal area goes up. This 
is probably related to the effect of the nacelle on spanloading and thus 
on wing efficiency. Although the basic drag of the nacelle is a function 
of nacelle cross-sectional area, the span affected varies with nacelle 
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diameter. Thus the change in wing efficiency is really a function of the 
square root of the cross-sectional area. 

The change In nacelle Incremental drag with chordwise position is presented 
in Figure A-6(0). This was based on results obtained with circular nozzles 
(primarily nozzles N]^ and N £) with discharges at different chordwise 
positions. Drag was shown to be consistently reduced by forward movement 
of the nacelles. This result is highly credible since it is the same 
trend as has been obtained before for conventional under-the-wing install- 
ations. The favorable trend is due to the improvement in nacelle-wing area 
distribution as the nacelle is moved forward. 

As had been anticipated, the perturbation studies of the basic nozzle 
geometric variables did not result in any changes of these parameters 
from their baseline values. A boattail angle of 16°, previously selected 
for the baseline, is seen in Figure A-6(A) to be near optimum. The choice 
of a 0-duct nozzle is unassailable from a performance standpoint, based on 
the nozzle aspect ratio effects of Figure A-6(8). 

Figure A-6 (C) indicates that larger nozzles result in lower drag penalties. 

This would mean that for the same installed thrust, two large engines would 

be better than four smaP ones. For an aircraft that must operate from a 

2000-foot field, however, switching to a twin-engine design would result in 

a considerable increase in required installed thrust capability, more than 

2 

negating the potential drag saving. The value of c /A^ employed on the 
baseline is approximately 14, which, as is seen in Figure A-6(C) , results 
in a significantly lower drag coefficient that the reference (intermediate) 
nacelle test value of 24. 
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In the case of nozzle exit position, Figure ^~6(o) shows that nacelle drag 
is reduced as the nacelle is moved forward right up to where x/c approaches 
zero. The tradeoff here is against weight and scrubbing drag, and the 
choice of x/c • 0.35 was made based on extensive work perfornned for the 
QSRA effort, which indicated this was a near-optimum vaiue. 

6.2 NOISE 

Noise effects were determined from the noise prediction program alone, 
without resizing the aircraft or recalculating its airport performance. 

For most variables this procedure is believed to yield results that are 
either approximately correct or conservative (higher than the true noise 
levels). Incorporating size and flight path effects would yield higher 
noise levels only in the case of the nozzle aspect ratio variation; the 
higher aspect ratios of the nozzle variants are associated with higher 
cruise drag and thus with less noise reduction when size and flight path 
effects are considered. 

Size and flight path effects in the other cases are generally either 
favorable (especially with the long-chord flap) or sma’I. Greater flap 
deflection could have either adverse or favorable indirect effects on 
noise, depending on what other changes were made in the high-lift system 
to hold the field length constant. 

The results are shown in Figure B-7, in which takeoff footprint area at 

90 EPNdB is plotted against takeoff flyover noise level at the 6.k9 km 

(3-5 n.m.) measurement point. The baseline aircraft has a 90 EPNdB foot- 

2 2 

print area of 3.03 km (1.17 s.m. ) and a flyover noise level of 83.4 EPNdB. 

2 2 2 
The goal is a total footprint area of 2.59 km (1 s.m. ); allowing 0.11 km 

2 

for the landing footprint, the takeoff footprint goal becomes 2.48 km . 
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Changes in flap radius of curvature, flap deflection, nozzle impingement 
angle, and fan duct noise attenuation cause essentially no change in the 
baseline noise values. The points representing these variations are 
grouped near the baseline point. However, the other variables - nozzle 
aspect ratio increase, noise source strength reduction, and flap extension - 
are quite effective In reducing noise. Aircraft incorporating these modifi- 
cations are indicated to be capable of beating the noise goal. These 
variables are discussed below. 

Nozzle Aspect Ratio — Flat rectangular nozzles are shown to markedly re- 
duce both footprint area and flyover noise. As is noted above, however, 
they have higher drags than the baseline semicircular 0 nozzle, and the 
effects of the drag increase on aircraft size and flight path are not 
included in the analysis. The favorable effects of increased nozzle aspect 
ratio on noise would be diminished if size and flight path effects were 
cons i dered. 

Since the noise goal is achievable with the D nozzle, nozzle aspect ratio 
variations were not pursued further. If the nozzle were to be changed, 
however, the aspect ratio 6 design would be preferred to the aspect ratio 
4. Both configurations have more drag than the D nozzle, but aspect ratio 
6 has slightly less drag than aspect ratio 4 and is considerably quieter. 

High-Lift System Noise Reduction — The noise generated by a USB high-lift 
system can be reduced by modifying the flow conditions at the flap trailing 
edge. Although preliminary results by Hayden (Reference A-6) indicate re- 
ductions of up to 10 dB, attempts to repeat these results in the present 
program were unsuccessful; the OASPL reductions achieved were about 2 dB 

with passive treatment of the flap surface and about 5 dB with trailing 
edge blowing. 
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The effect of a 3 dB decrease is shown in Figure A-7. (For convenience in 
using the prediction program the decrease was applied to all sources but 
the effect is essentialiy the same as applying it to high-lift system 
noise alone, as high-lift system noise is the only significant contributor 
to the noise of the baseline aircraft.) The effect is to reduce the take- 
off flyover measurement point noise by slightly more than 3 EPNdB and to 
cut the takeoff footprint area in half. The effects of flap treatment on 
aircraft size and performance and thus on noise should be considered in a 
more complete analysis but such effects are expected to be small. Surface 
treatments would affect only takeoff and landing, being covered when the 
flaps are retracted. Blowing would be off at cruise and is already in- 
cluded in the baseline flap system. 

Flap Extension — As is discussed in Sections 5 and 6 of this volume, ex- 
tending the flap chord is the most effective way to reduce noise. The 
baseline flap, described earlier, deflects 20° over most of its chord, 
with a final blown segment that deflects further. There is no increase 
in chord when the flap is deployed. By changing to an ur.alotted Fowler 
flap, with the segments sliding back on tracks to extend the basic wing 
chord by 50i, high- lift system noise is reduced enough to lower the fly- 
over noise from 83.4 EPNdB to 77-6 EPNdB and the takeoff footprint area 
2 2 

from 3.0 km to 1.2 km . These reductions do not include the effects of 
the increased lifting area on the climbout angle, which would cause further 
decreases in both of the noise parameters. 

In view of the large reductions achieved by extending the flap, this per- 
turbation was combined with changes in fan duct noise treatment and in 
nozzle aspect ratio. The results, plotted as solid symbols at the left 



in Figure A-7. are similar to those obtained with the baseline flap. Fan 
duct treatment has somewhat more effect because high-lift system noise is 
reduced, but fan noise is still unimportant. Increasing the nozzle aspect 
ratio is less beneficial than with the baseline flap because the noise 
levels are already low and further improvenMints yield diminishing returns. 

6.3 FINAL DESIGN 

The selected final design, shown in Figure A-8, is the same as the baseline, 
aircraft 2 of Table A-l, in most respects. It is a high-wing four-engine 
aircraft designed for a passenger capacity of 148, field length of 610 m 
(2000 ft), stage length of 927 Ion (500 n.m.), and cruise Mach number of 
0 . 75 . The ramp weight is 66,067 kg (l45, 678 lb) and the wing area is 
170 m (1828 ft ), for a wing loading of 387 kg/m (79*2 psf). The engines 
are Allison P0-287“11‘s scaled to a takeoff rated thrust of 83,200 N 
( 18,705 lb), giving an installed thrust-to-weight ratio of 0.48. Other 
features and characteristics are shown in "^abla A-l and Figure A-8. 

The initial cruise lift coefficient for the final design is 0.31, which 
reflects a relatively low wing loading. The associated drag coefficient 
is 0 . 0256 , resulting in a cruise lift/drag ratio of 12.1. The total nacelle 
drag coefficient is O.OO 96 . The approach speed is I 60 km/hr (86 kn) while 
climbout speed is 185 km/hr (100 kn). 

In accordance with earlier discussion, the nacelle has a 0 nozzle located 
at 35% chord, with a boattail angle of 16°. Extended-chord flaps are used 
to get the noise benefit of the increased flow length from the nozzle to 
the flap trailing edge, and the flap internal blowing system is deleted. 

The aft fan duct noise treatment is deleted, leaving the fan duct untreated 



forward and aft. although there is provision to incorporate treatment in 
both areas if it is found to be desirable. 

7.0 NACELLE DESIGN 

The propulsion and high'lift system installation for the outboard position 
is shown in Figure Installation design details are discussed in the 

following paragraphs. 

7.1 INLET 

The fan intake is a standard short-duct arrangement which extends roughly 
one-half nacelle diameter forward of the fan face. A generous lip thickness 
is employed to facilitate efficient inflow at high angles of attack. The 
cowl is circular with the exception of the lower lobe, which is slightly 
elliptical to provide space for the engine accessory package. 

The inlet leading edge and the internal lip downstream to the throat are 
protected with an evaporative anti-icing system, which employs aluminum 
skins in conjunction with overheat detectors. Downstream of the throat, 
provision is made for acoustical treatment of the inlet duct to attenuate 
forward radiated flap noise. 

The inlet-forebody assembly is supported by and attached to the front 
flange of the engine fan case. It is considered to be a component of the 
quick engine change unit (QECU) , although its overhaul schedule is based 
on airframe t ime-between-overhau 1 s (TBO) rather than engine TBO. 

7.2 FAN CASE COWLING 

The fan case cowling is divided into upper and lower segments. The lower 
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segment can be openec* by unlatching the lower center seam and is hinged at 
or just below the engine horizontal centerline for quick access to the 
engine reduction gear case and accessories. The upper half is attached to 
the fan case flanges and is removable for engine access or removal. 

7.3 pan duct and nacelle structure 

The upper fan duct is integrated into the nacelle by two heavy main rings 
and carries the engine loads into the wing box skins with a pin attachment 
on the upper surface and by skate angles on the lower surface. A monocoque 
shell, which incorporates the front and rear engine mounts is thereby 
effected. This type of construction allows the engine to be changed in 
the convent cnal manner by lowering it onto a transportation trailer, either 
with AGE attached to the nacelle or with an elevator on the ground cart. 

The inner surface of the fan duct can be acoustically treated to minimize 
aft radiated fan noise. 

7. A THRUST REVERSER 

The rear upper external contour of the nacelle is formed by the outer sur- 
face of the target thrust reverser door. The inner surface of this door 
is constructed of high-temperature material to maintain structural strength 
and rigidity during its short, but high-temperature, duty cycle. Extension 
or retraction of the door on its four-bar linkage is accomplished hydrau- 
lically with the movable hinge points describing the arcs illustrated in 
Figure A-9. The total jet, both primary and secondary, is deflected for- 
ward and upward, providing a reverse force plus a downward force on the 
aircraft, making its brakes more effective. As is also illustrated in the 
figure, there is an articulated eyebrow-shaped section on the aft lip of 
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thrust reverser which can be extended to exert a downward force on the 
discharging jet and thereby assure its attachment to the upper surface of 
the wing and flap. The defir.ctor would be employed whenever high lift co* 
efficients are required, as during takeoff and landing. 

A pair of stangs extends aft of the nozzle from along the sides to provide 
fixed hinge points for the aft bars on the door linkage. The stangs are 
located several boundary layer heights above the wing surface and outside 
the jet efflux. Because of the venting thus provided, their interference 
with the local flow patterns is expected to be minimal. 

7.5 NOZZLE 

Separation of the fan and primary duct flow streams is maintained right up 
to the nozzle discharge in order to minimize flow suppression and other 
interaction effects. The primary nozzle is slightly S-shaped in the side 
view, but a circular cross-section is maintained throughout. It is con- 
structed of steel honeycon^ with the forward inner portion fabricated to 
include a perforated face sheet to attenuate turbine noise. The outer 
fan duct above the wing surface is conventional sheet metal/sti ffener 
construction. 

7.6 WING INSULATION 

The upper surface of the wing box beam aft of the nozzle discharge is in- 
sulated with a fireproof coating. This protects the upper wing and flap 
structure from burning fuel which can result from a wet start and reduces 
the temperature variation in the wing structure to within acceptable limits. 
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7.7 FLAP SYSTEM 


To obtain maximum acoustic attenuation for the upper surface jet flow, a 
1ong*chord high-extension flap system was selected. Directly behind the 
engine the flap surface is continuous, as is shown in Figure A-9. Away 
from the nacelles, however, slots are provided to assure attachment of the 
freestream. In case of engine failure, slots can be opened in the unslotted 
portion of the wing behind the dead engine. 

The flap system shown indicates how chord extension can be obtained. The 
first flap segment slides back on a fixed track. The second segment is 
mounted to the first through another track which provides further extension. 
As shown, in a representative landing configuration, the extension, measured 
along the upper surface, is 36% of the wing chord. 

At takeoff the extension with this track configuration would be about 25% 
of the wing chord. Interpolation on Figure A-7 indicates that a 25% chord 
extension is in itself sufficient to achieve the noise footprint area goal, 
even with the baseline takeoff performance. Baseline perfcrmance can be 
improved, however, in several ways. First, the 12% of fan airflow used by 
the baseline internal flap blowing system can be returned to the main nozzle 
for more efficient thrust production and the weight of the flap ducts can be 
saved. Second, the flap tracks can be designed so that the takeoff setting 
provides considerably more chord extension, with only the angular deflection 
required for takeoff, while the final extension to the landing setting 
serves primarily to increase deflection with little increase in chord. 

This arrangement is in use today. Chord extensions of 40% or more at take- 
off should be feasbile. 
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8.0 NOISE CHARACTERISTICS 


The noise characteristics of the final design were calculated based on the 
fol lowing " 

^ Aircraft size, weight, and performance as in baseline. 

° AO^ chord flap extension at both takeoff and landing. 

** Flap deflections and landing thrust setting as in baseline. 

° No internal flap blowing. 

° No fan duct noise treatment. 

The calculated values are ~ 

Takeoff Footprint Area, 90 EPMdB - 1.76 km^ (0.68 s.m.^) 

Takeoff Flyover at 6.49 Km (3*5 n.m.) - 79*5 EPNdB 

Takeoff, Maximum at 152.4 M (500 Ft) Sideline - 98.4 EPNdB 
Landing Footprint Area, 90 EPNdB - 0.12 km*" (0.05 s.m. ) 

Landing Flyover at 1.86 Km (1 n.m.) - 86.8 EPNdB 

Total Footprint Area, 90 EPNdB - 1.88 km^ (0.73 

2 

It can be seen that the calculated total footprint area of 1.88 km (0.73 
2 2 2 

$.m. ) betters the 2.59 km (1 s.m. ) goal by a considerable margin. The 
area would be further reduced if the overlap of the takeoff area and landing 
area were subtracted. 

The flight path and footprint are shown in Figure A- 10. The takeoff spectra 
of the various noise sources considered in the prediction program and of the 
complete aircraft are presented for the flyover location in Figure A- i 1 . 

Even with no fan duct treatment, high-lift system noise is the strongest 

source, although fan noise exceeds it at the higher frequencies. The PNL 
directivity pattern at takeoff is shown in Figure 
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USB CRUISE PROGRAM 



AlltCMfl NO. 

1 

^ 1 

1 

9 

5 

4 

7 

• 

HISSION 



NO. Of fASSiNOCNS 



r.TACt CEN61N. KM tN.M. ) 



FIFLO LCNGTrf. M ifU 

410 uouvi — 








CNlllSi MACH MO. 

0.70 

0.75 

0.90 

0.75 

0.70 

0.75 

0.00 


ONUlSt A^.TITOOfc. M (FT) 



f^ROPUiSION SrSTIH 

D (SEMIClirULAM) 





NOZ2LE SHAPE 




CIRCULAR •*" 




NACELLE TYPE 


RVLON*MOUNTtD 



^ 

NO. OF ENGINES 





2 " 




FAN PRESSURE RAHO 


III . . 







RATED Thrust, n (lR) 

7*»99) 07919) 

• )20*: 01705) 

9075) (20901) 

101)07 (2271. ) 

140079 04101) 

140044 (14109) 

19J)05 (912)11 

20)997 (957)0) 

nacelle diameter. M (FT) 

2. OS U.72i 

2.09 14.15) 

2.19 (7.15) 

2.19 (7.02) 

2.70 (R.05) 

2.70 (0.00) 

2.00 (0.95) 

2.24 (10.71) 

AIRCRAFT 









RAMP WEIGHT. KG (L») 

.4244 (941141 

44047 09547RI 

49745 051424) 

7254) 040001) 

7RR0) 07)0501 

•0729 070004) 

05599 000425) 

0)511 (109191) 

WING AREA. M^ (FT>) 

1R4.1 (300)} 

149.1 Ot2l) 

15V. 0 0711) 

199.0 (2152) 

172.0 OR4U 

IIS.) 00051 

140.0 (1020) 

209.1 (2107) 

WING LOADING. KG/M^ (LR/FT^) 

)'j9 0 2.S) 

)07 (79.2) 

<t)0 Ut.O) 

359 (71.4) 

45) 102. R) 

41) (01.4) 

900 002.1) 

907 (II.)) 

thrusT'TO'WEIght ratio 

0.940 

0.910 

0.5U) 

0.5)4 

0.301 

0.102 

0.910 

0.949 

ASPECT RATIO 



SWEEP angle. 0.2S. . DtGRflS 



TAPER RATIO 

' 







OtOYH 

H RAT 1 w i 

0.191 


0.12) 

Ot^vI 

0.191 " 




CRUIS^ DATA 









Fn/max cruise Fh 

1 . ooo — —— 



0.400 

O.ROO 

0.975 

1.000 

1.000 

Cl 

0. )2S 

0. OO 

0. )09 

0.291 

0.915 

0.244 

0. J50 

0.172 

Cp 

0.027) 

0.0254 

0.0299 

0.0209 

0.0)15 

0.0219 

0.0)01 

0.0)17 

CD 

11.9 

12.1 

12.) 

19.2 

12.9 

12.1 

11.5 

0.7 

NACELLE Co. total 

Cl .0109 

0.0094 

0.0091 

0.0050 

0.0114 

2.0004 

0.0120 

0.0112 

TAKEOFF AND LANDING DATA 









CLIMROUT ANGLE 

19.3 

19.1 

15. S 

19.) 

11.9 

11.2 

11.7 

19.0 

CLIMROUT SPEED. KM/HR (KT) 

1t>.7 (99.4' 

199.7 (99.4) 

195.9 000.0) 

197.4 001.2) 

250. i 0)5.3) 

250.5 0)5.1) 

252.0 0 )5. P) 

220.0 (II). 9) 

APPROACH ANGLE. DEGREES 

S.9 

5.9 

5.9 

4.1 

).R 

).0 

).0 

2.4 

APPROACH SPEED. RM/HR (kT) 

IbATC i\€ C 1 iRM m/K. / T /m I II ^ 

140.' 14.7) 

140.2 (R4.4) 

159.9 (94.0) 

15). 0 (R).0) 

250.5 0)5.1) 

251.4 0)5.71 

297,0 0)).7) 

742.0 (191.9) 

PiAIa l/r « 1 NK p d \T 









APPROACH Ff|/TAKEOFF F(| 

0. )i 

0.92 

0.97 

0.95 

0.20 


0.29 

0.12 

COSTS (1972 t) 









ENGINES 

SJ.S9N 

D.49N 

9J.75N 

I2.9IN 

92.0RN 

I2.COM 

I2.10FI 

n.llfl 

complete aircraft 

910. SRN 

910. 92M 

911. )«N 

910. 14M 

•0.90M 

•O.OOM 

010.99M 

111.1591 • 

DOC. 2 x 1972 FUEL PRICE (ZU/GAL). v/SEAT-S.M. 

2.)] 

2.24 

2.27 

2.27 

2.20 

2.20 

2.14 

2.54 

DOC. 9x1972 FUEL PRICE («S</GAL>. t/SEAf-S.H. 

2.99 

2. )4 

2.99 

2.99 

.r.RR 

).I2 

1.25 

).)5 

NOISE 









TAKEOFF FOOTPRINT. 90 EPNJR. HM’ (S.H.') 

2.1) 0.09} 

3.0) 0.17) 

).«7 0.)9| 

0.90 O.R2) 

15.20 (5.07) 

19.44 15.44) 

17.25 (4.701 

9.07 (1.57) 

TAKEOFF Flyover at 4.99 km (i.s n.m). epnjr 

01.9 

93.9 

9). 7 

9R.4 

05.0 

05.4 

04.5 

•5.4 

TAKEOFF. MAXIMUM AT 1S2.9 M (SOO FI). SIOCUNE. CPNdR 

99. 1 

99.1 

100.) 

104.) 

104.4 

104.2 

107.9 

101.9 

LANDING FOOTPRINT. 90 EPNdR. KM> (S.M.M 

0.11 {0.09} 

0.19 (O.RT) 

0.94 (0.19) 

1.19 4R.99) 

R.tt 10.09) 

0.11 (0.09) 

0.14 (O.Oi) 

t.ll (0.09) 

LANDING rLVOVER AT 1 . ML KM ( 1 N.M.). EPNdR 

94. • 

99.7 

91 . 1 

05.0 

•4.1 

95.0 

09 5 

95.5 

total footprint. 90 EPNJR. KM^ (S.M.=') 

2.99 0.1)1 

).71 0.29) 

).R) 0.9R) 

11.04 19.24) 

15. *1 15.011 

19.77 (5.70) 

17.51 (4.74) 

9.19 (1 .41' 
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FIGURE A-3. WEIGHT AND COST - USB STUDY AIRCRAFT. 
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